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SLCTION 1
INTRODUCTION AND SUMMARY

Aunalysis ot the effect of high-altvtade nuctear bursts on commuhi -
Cation, raday, optical, and intfrarved systems requires relijable computations
g)i‘i
(1) the interaction of the high-velocity weapon debris with the
surrounding @ity
(2)  the subsequent motion ot the heated and fonized airv;

the tate-time formition Jdrilt, and decay of steiations e

—
i
'~

high-altitude jon-clectron plasma,

For high-altitude nuclear bursts such phenomena depend strongly on tha rates
of collisions betweeon topns and noutials, electrons and neutrals, anc lectrons
and jons.  ror bursts betow 100 km altitude collisiens ave =afficioaty

rapid that the one-fluid hydrodynamic equations desceribe wost phononcna
adequately,  For bursts above 100 i altitude, however, the Jower densities
cause the collision mean ffree piaths 1o be gaite loag, anlt so the detaile of
the collision processes become important.  this reperi presents o survey of
the colliston cross sections reloevant to s gi-ats Tt e barsts and describes
how to use this data in two-thuid mopncetohedvodyneamee (3 wwolations for

prediction off burst phenomena.

The relevant types of vollisions are elastic seattering, iaclastic
weattering, and charge exchange. v relwable analysis of buarst phenomena
requires these cross sections over the velocity range ot 1 to l('l') cm, sed,
buring the st sccomd, much of the burst dobris Minetic enerpy is trans.
Yerred to the svrrounding v, creating air tons with velocaties as Jarge as
“1e? em/sec, Lhe subsequent expansion and rise ot these torebhall rons Taunch
a neutral-tluid shock from the burst arca that ipvolves particie velovities
as low as \l(\'l cn/soc. The sources ot these cross-section data aad velevant
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theoretical computations are desveibad o Sectians 3, 3 and Appeadix U,
Lipures b through b8 summarise the cross-sectron data for the partacle

species amportant in high altitwle bursts,

lo use the cross-section data, one must define the phenomena to be
anathyced and then do the appropriate gntegrals over the parricte velocity
distvibntions.  buring the first sccomd, when the particle velocities are
extromels high (=10 om/wech, these phenomena tend to involve very specialiced
applications (for example CHLNY losses and collisional pickup), which we do
not attempt to analyvaie here,  Subscequent to one sxecond the main application
15 a0 two Tlhuid MID simulation of nuclear burst phenomena,  This requires a
Jdetailed hwwloedee of the pates of mass, momenium, and eneirpy Ciaiisiei
hetween the pon-clectran Cluid and the neatral Ciaid. The resistivity of
the medijum is also required in order to determine the decay of currents,
perturbed magnetic ficlds, and striations; the resistivity is divectly
velated to the rate o electron momentuin Joss.  Very late-time nuclear burst
simulatyons poquire an average collision fregquency of ions with neatrals,
and this collision frequency can be eapressed in terms of the rate of ion

momentum loss,

One i jor approximat ion that we have made in calcalatimg the trans-

for rates due to vollbistons is that we have considered the pavticle velocity

dr~trihuaions of cach species to be Maxweli-Boitzmane in the tratic moving ot

the mean vetocity of that species. Hias approximation i< & compromise: ot
Is saple cnough s that we can treat many cases, while 4t the sawe time it

wives suttficiently accurate results for use in high-attitude simalations,

Section 0oderives the integrals needed to compute the collisional

¥

rates of momeatum transter (Lygo 2oS0h0 of totel energy transter (g, 2-30) -
and of internal eacrgy tranzter (bg. 200 ond the rate of enorpy loss due to :
inclastie ol lisions (g, 0 bEr These transtor rates are expressod an terms

ol the momentum-coupling coeltficient {hq. =35, the heat-uvyaastey cact i

vient (kg 2230 and the inelastae cnerpy Joss antegsral -l\\_‘ {bg. J-350,

8




Sectaion oo osummatrzes the momentam st gntoernal

eherey transier

rates neaded an two- U tuid MHD simulations subsequent te the Tirst fow sece

onds Gatter a oo tear barest, this sectron s selb-contained, so readers who

are pranerely anterestoed o resutts can skap the analysis oon Sectoons 2, 3

and o Pquations 5220 through 5 29 show the simplest version of

coupbing and heat-transter coctthicaent < that we belireve to be adeguate for

nuchear burst samulat ions. g, 5-30 vhows the samplest form of the celecten-

cal resiativety adequate over the clectron temperature vanpe of 0,01 o

ooV Fgs. 530 show the saimplitfeed form of the coilision frequencies tor

collisions of dTons with neatvals, of clectyons with neutrals, and ot elec-

trons with tons that are recded For veey Late-tame samalations,

Puring the anttral Jdebris-ar anteraction when the particte veloe-
. N . . . .
ttics eavead 187 Gdsecy mnciastic volhisions are more amportant than elastic

collisions,  Appendin € suminart-es the relevant eaperiment:l stopping cross

wevitons thable U and shows how to relate these to the momentum-transior

cross sectron o e Uy aand the total scattering cross section 20 (Ly,
C-r whioh are necded to compate the collivional momentum and cherpy trinsier

rates rom Lgs. o 35 through 2= 4.

Ino CHond MDY samutatrons are esaentaal for realistic amnlat ron-

')

of date-tiwe noclear barst pheaomena. Ualortunately o they are extromely

comples and therotore cannot be vedone casalys Thus, it i< important that
the momentam and conerpy transter coefricients be reasopably aceuraste (e.g,,

to within s We bedleve the folloning anaivsis and cross-section Jdata Jdo

provide a relrabile set of coctficrents, 1 the reader notes any crrars in
s anclvsas or s aware o better vreoss sectren data, se weuld apprecacte

hearing Fron him o thal improvenents can be made as soon as possible,

lo help the reader heep triach of the mathematica! notation, a

Glossary of Swvabols s siven in Appendiy AL

the momentun.
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SECTION 2
THEORY OF MOMENTUM AND ENERGY TRANSFER BY COLLISIONS

2.1 SCATTERING COLLISIONS

(a) Statement of the Problem

We consider two-body (inelastic or elastic) collisions character-
ized by an arbitrary differential scattering cross section. The colliding
particles may be atoms, molecules, ions, or electrons. The particles of the

first species are characterized by mass uniform number density n,,

N :
mean velocity Vl, and temperature Tl (the particle velocity distribation ) Xy
is Maxwell-Boltzmaon in the frame moving at velocity ?1); the particles

of the sccond species arc characterized by m,, n,, Vz, and TZ' In a
collision between two particles of different species moving initially at
relative speed v, ecach particle is scattercd through an angle © measured
in their center-of-mass frame, and in inelastic collisions the pair loses an
amount of kinetic encrgy € duc to ionization, excitation followed by radia- *
tion, ctc. The collisions are described by a differential scattering cross

section do(v,0)/d in thc center-of-mass frame (Refercence 1). The inter-

action potential is assumed to be spherically symmetric, so the azimuthal

angle ¢ is not nceded.

The scattering cross section and the inelastic ecnergy loss ¢
depend on the initial and final states of the particles. Fer elastic colli-
sions (Scction 3) these are all ground states. VFor inelastic collisions

Appendix €) we must do sums over states.




. . . . . . . - K
Let the colliding particles have incoming velocities Vi Y, and
3 Re - -
outgoing velocities Vl’
v's to denote particle velocities and capital V's  to denote macroscopic

i - . ~
v, in the laboratory frame, (We use lower case

velocities of pgases.) ‘The density of particles of the first species in
. . -~ . . >
velocity space is Maxwell-Boltzmann in the framc moving at velocity Vl;

we denote these Maxwell-Boltzmann distributions by

n /2 ml(vl-gl) E
“1(?%’121 exp |- Tpp | iE T >0, :
1 1 !
S . ; -l_) = )
ll(vl'vl'm (2-1)
ll
§(v, -V if T, =
n1 ~v1- l) i l1 =90,
f and lTikewise for the sccond species. lHere § is the birac delta function.

We take the rate of change due to collisions of the density of

momentum of the first gas to be

- -~
A(p,V do (v, =v,|,0u)
117 AT B S A 1 20 33
X ml[\l -vl]fl(vl)fz(vz)|Vl-v2|-~——zﬁf—«———— dQd v]d vy oo ;
(2-2)
- B
and that of the total Kinetic encrgy of particles of the first species to be
R} > .
/‘“(:Zﬂlvl 1 2 e G Y |""(|"1“":i_j_’_) db
X Bt A TS J (Vv vy, a% RS S I
(2-3)
[ where Ppo= omgmg. These quantities dertve from the collision term in the
& Bolt zmann transport cquation, (afl(;l)/at)col; for example, the first one
1 is xanl times this collisien term, integrated over all velocities Ql' .

11
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Our terminology concerning the forms of encrgy of a gas follows a
scheme used by some workers in bigh-altitude phecnomenology.

encrgy of a gas is the translational kinetic cnergy of its particles in the

frame moving with the mean velocity

v
1

The internal

Plus the energy of rotational ex-

citation. (In this scheme, the ionization encrgy and the cnergics of

electronic and vibrational excitation must be treated scparately.)

internal energy density is denoted by
is the sum of its intcrral energy plus its macroscopic kinetic energy 1

We assume unless otherwise noted that cha

negligible, and so we refer to A(l

cnergy density of ("o first gas.

771

Dlll.

-

In the integrals in Eqs. 2-2 and 2-3 the final velocity

- > > ©
Vl , V X V1 - V2 s
scction is mast casily expressed in

to

(b)  Change of Momentum and Kine.:

First we scek to ev
terms of the (new) indene

these species by
Wo= mlmzl(m]+m2) .

the center-of-mass velocity by

-> -
BB

- »

- of these variables.

‘ergy in a Collision

“les.

© .. final particle velocity

1

> -
> 1
a function of Vir Vo €, and 0. We will change the independent variables

This

The "total cnergy" cof a gas

2

1ges in rotational energy are

2 )simply as the change of total

€, and 6 Dbecause e differential scattering cross

in

We denote the reduced mass of

(2-4)

(2-5)

is

A 9 b 1




The initial velocities are related by

-r > b
¢

1 - ch ml

H 2-7)

the final velocities, denoted by primes, have rclations just like Eqs. 2-5

to 2-7.
The initial kinetic energy of the pair of particles in terms of
V. and vV is
cm
1 2 1 2 1 2 1 2 .
I N myv, = 2(m1+m2)vcm * 5 uv . (2-7a)

Conservation of momentum and conservation of cnergy give

> -

Vem = Vem (2-8)
and

1

> uvz = % wt e e . (2-9)

where € 1s the loss of kinetic energy during an inelastic coliision.

.. -> >, > > >, > .
We detine Avl = Vit oY and Av = v® - v ; from abovce these
arc related by
T = KAy 5
Avl o Av . (2-10)

1

The change in kinetic energy of the first particle can be written

i -2 1 2wy e s L ava?
5 vy -y MVt oEomy vy Av1 + 5 ml(AVI’
1w’ >
a > . > a4 oo _l:l_.._ g1 s
= Wy Av 5 " (Av) . {2-11)

¥
b




The scattering angle 0  in the center-of-mass frame is defined

by the diagram.

-»
The azimuthal angle ¢ nmieasures the angle around the v axis. We assume

that the differential cross scction 1s independent of ¢, so we can average

- o) -
A\;l and %11\1 (vl'z—vl") over ¢. The component of AV perpendicular to

id - s
v thereforc averages to zero, while the parallel component averages to

&y - Voo >
AV>¢’ = =y \Y
v

/ - "
-(1 X cosO) v o, (2-11a)

or by the conservation relation Ltq. 2-9,

> > -~ . )
Av>¢ = -1 - J1 - "Cq cosp) v . {2-12)

pv”

The quantity (Av)® is independent of ¢ and is given by

2 .2 -
(av)® = v- + v - 2vvicosh

= v2 (z S ,’1 LS cose) . (2-13)
W wv©




Using these in relations 2-10 and 2-11 gives the two desired

averages,
X S N R A T I
VI:E = - - - -5 cosO) v (2-14)

and

1 222 I S 4 2e
<2 m1 (v1 v1 )><3) = uvl v (1 - 1 - 5 cosO)

nv
2 7
2
Ml (1 - ,/1 - —“—%— cos())— M
I nv My

{c) Evaiuation o7 integrais

Having expressed the final velocity in terms of the initial
velocities and 0 and €, we arc ready to integrate Eqs. 2-2 and 2-3.

First we express the product flf, of the velocity distributions in terms

- >

of the .ariables vy and v. We define the abbreviations
f > => -r oo . > > Y .
] (,> m Ve, (Vorv) i {T,-1)) (V-V,-v) T, )
V.3 — = ™ s en e
111 (ml+mz) (m1 lz+m2 I 1) (ml 12+1112 { 1)

if T, >0 or T, >0,

1
> )
11(\1) = -<
Ay iFT 1T

nlu(vl—\l) it 1 = 0 anc l2 =0,

\ (2-10)
toy oz fv; V.oV ,Tihiflfl} (2-17)
2+ 2077 1 2 m, m, e L=

15
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~ -k
fo(v)/n, is the normalized distribution of relative velocitices of pairs of
- [

particles of different species.  Some algebra then shows that
'l‘ 'l") ~ ~
ffv v, e (v Vo, 2 EOOEM) (2-18)
|8 S L m, 202 "2 m, 171772 !
and the Jacobian of the transformation has an absolute value

a('Jl,'J)
5| =1 (2-19)
3(\'1,V2)

50 that (13v1c13\'2 = d3vld3v.

. .\\ “r . . . »
In treating t,)(v) it is convenient to denote the macroscopic

velocity of the first gas with respect to the second by

e > .
= -\ N
vEv v, (2-20)

and the temperature characterizing the distribution of relative velocities by

_ (ml'[‘zﬂnz’l‘l)

=12 217 s
m - (ml+m,) (2-21)

The subscript m  denotes a weighted mean.  We also define the total scat-

tering cross section (Reference 1)

do(v,0) .

= e dQ . 2-22

o, (v) f o (2-22)
4

and the momentum- transfer cross scction

q(v) =f (1 - ,/1 - 3% coso) .‘!9.((‘_‘;2’_0) o . (2-

93
‘1 T‘ L5

ro
e
s
-
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(1)cd
ab
p 158). For elastic collisions (& = 0) we denote this cross scction by : )

This cross section is called Q by Mcbhaniel and Mason (Refervence 2,
qD(v); it is also known as the diffusion cross scction.

Lquations 2-2 and 2-3 then become

Alp V
‘(”1 %
At

A(% ,)l'\,—;‘é ) A o r U 2 u 303
By venl ffl(vl)f'l(v)vl—“(ﬁq v“-v-vl)q(v) - ﬁ‘—l ea (v} dTvydiv
(2-25)

O S 2 -+ 3 3
= -ffl(vl)fz(v)v({(v)uvd Vld v o, (2-24)

. . M
The integrals over v, are done next, and aftev some algebra on the

energy equation we have
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he last integral in kq. 2-27, ]],(v)ot(v)vd v, is the mean
frequency of scattering collisions of a particle of the first species. We
will usc the closely related rate cocfficient for scattering collisions (of

inclastic energy loss ¢),

. e 7 - L £ (v 3 3 7a
l\s(nm.\) : |\7ff2(v)0t(\Wd v o (2-28)

We need two other integrals, for which wo use the closely related rate

coefficients s and h:

"

S(T V) = ﬁ’— 1_‘f%,(\7)q(v)v'\7d‘v , (2-29)
N 2

s
h(T V) = A k’(ﬁ_'ry:“nr‘-r“)‘ f £ (WMo vvE-ve)ddy . (2-30)
Ny 12N -

L

Note that k_ and h are in om’/see, while s in

)

in gm-cms Jsce. Wo witl
show in Scction 2.1d that s can be interpreted as the rate coetficient for
momentum transter or "coupling coefficient" and h as the rate coofficient
for heat transfer.

We do the angular integrals using spherical coordinates about the
V. oaxis. [ntegrating first over the azimuthal angle, we note that in the
integral of EBq. 2-29, the components perpendicular to v integrate to zero.,
This result occurs becausce the particle velocity distributions of ecach species

arc considered to be Maxwell-Boltomann in some frame. We then integrate over the

é cosine of the zenithal angle and change the rewiining integration variable to
]
[ o, -y

v ] (2-31)

5> =

\jérc.r;ij;n;qj

For brevity we climinate the mean temperature ‘I in favor o

¢+ the related
thermal speed parameter

KT, KT,

we [l (2-32)
ml m:




The results for the three rate coefficients are
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These rate coefficients are continuous functions of T" (or ) and V., The
|

cross sections (  needed to evaluate the integrals (2-33) 1o (2-34%) are

t

shown in ¥Figs. Jd-1 to 4-8. The quantity €0 can be related to the cross
,
:nlm,/(ml+m)) (Eq. C~7 of Appendix ().

section g by €0+ v7q

t inel

(d}  General Results

The time rate of change due to collisions of the density of

momentun ot the tfirst gas is

AV )
11 T * o
¢ IH“:NKHV\) Hl_\:)‘ (2-36) « » s

and that of the total cnergy of the tirst gas is
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The total cnergy of cach gas can always be split into its macroscopic

Kinetic energy ind its intérnal enorgy:

(2-38)

The rate of change of the macroscopic kinetic cnergy of the first pas
due to collisions is
\(' v 3) YOR'S!
- N
IR MO A M T

SO S, S A A \ .

i P -
At At (2-39)

s0 we have fovr the rate of change of the internal energy density due to

collisions

ATy my v s e (T T
S e [ e (1 VOV N VKT, )

At "(in"l m,) o
E .
7 Trowmy BRg (Y 2.00) 0+ »
(“'1““;2) Lk::“m'\)] : (2-410)

The first term on the right side of ky. 2-40 is the part of the
macroscopic kinetic onergy of the gases that is converted to internal energy
of the first gas; this is the rate of internal or resistive heating,  The
scoond term 13 the heat transter between the gases, and the third term is
the energy diverted to excitation and iontzation. We refer to h as the
rate coefricient tfor heat transier and to s as the rate coofticient for

momentum transfer or simply as the coupling coefficient,

Rates for the sccond gas can be found from symmetry by inter-

changing subscripts 1 and 2. The total power per unit volume transferrved

by collisions from the total encray of both pasces to other forms of cncrgy is
1T 1o T2
;\(r,- ‘,\lvl ) \(-, p.‘\-': o .
R L COREES) LN IPUIA NS A I (2-d 1) e w s
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For the special case of clastic vollisions botween two gases having

no prelative velocity (vo= 8, V= Uy, kg, 2-37 aprees with Deslogets resuatt

- (Reterence 3, Ly, J0b,

2.2 CHARGE-EXCHANGE REACTIONS

(a) Introduction

8 While clastic seattering is the most important means ol trans-
terving momentum and energy between ions and noutrals at low specds, charge
exvivinge is atso iaportant at velative pavticle speeds above 10° cmfsec. i
this report we concentrate on symmetric charge exchange, in which the products

are the same as the reactants:

R . . L -
X'+ X X o+ X . (2-4)
1t cach reactant and product is an its pround stote, this reaction has
sora energy defect and is called resonant (or ¢lastic) charpe exchange.
Such vesonant reactions cim have unusually large cross sections (see
Figures 4-1 1o J.d) and are mmonyg the most important preactions at times

after a tew seconds after a high-altitude nuclear burst.  Symmervice charge

exchange is much ke a scattering process, and we witl treat it by a minoy

modi Fication of the scattering theory of Section 2.1,

Asvmmet ric charge transfor is a chemical reaction in our view

and is treated difforvently. X treatment comparable Lo Section 2.1 i3

piven in Appendix B, subscctions () to (d}, and a simplitficd treatment

is given 1o subscetion (e}, Experimental cross seciions tor some asvm-
metrie charge-exchmge reactions are plotted in Section 4 for comparison
with the others,  We do not want to become cnwmeshed here in choosing which
chemical reactions are important, though, 50 we have not evaluated rate

coctticicents for asyvametric charge eachange in Section 5.

BT
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(h) Symuetric Charge Exchange

Symmet ri ¢ charge exchange can be treated withia the frawmevork

of Section 2.k, We stmplify this slightly by assuming that such reactions

I I e |

are forvard seattering and have nw inclastlc loss or gain of kinetic encrpy

{that i3, Jda7dl  is neelipible mless 0 <2 | md ¢ = 0],

Syvametric charge exchange can be considered an ordinary scatter-

ing collision by relabeling the particles afver the encounter.  An cncounter

that i torward scattering in the center-of-mass frame iz backsenttoering

in this alternate deseription.  The etffective momentum-transtfer cross

section in this alternate descriplion, denoted by an asterisk, is given by

Bege, 2223 and 2220 with 9 - and ¢ o= U

qriv) o= .:'\)\(\') . (2-43)
This point is claborated in Retference 2, Section 5-7-A,  Given ”‘(V) one
can use tivis relation in Eqs. 2-35 aud 2-34 to get o coupling coefticient
2 and heat-transier coefticient  h* due to symmetric chavpe exchange;

these must be added to the coupling coedficiont = and heat-treanster

coctticiont h  due to scatrvering collisions (sce Fq. 2-48).

L
¥

Lan il

2.3 RELATJON 10 THE EQUATIONS QF FLUID DYHAMICS

=

(a)  Mowentum Balance Cquations

We show here how our results for elastic scattering o svametric

charge exchange relate to the momentam ad cnergy balance cquations of a two-
fluid treatment,  Inelastic scattering is not considerad hered at times atter
I wee Tollowing @ nuclear burst when the two-tluid equations are a good approxi-

mition, inelastic scattering 15 unimportant except for the cnergy trmster be-

tween electrons and the vibrational excitation ot N molecunles,
k)

The peutral fluid, indicated by subscript  n, s composed of

spocies .\'f;, boe b, o0, so that :
: NN .
'H\ZZ kd n\xi!: (2-11 -

i .
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similarly the ions are composed of singly charged species X;, k=1,2, ,
so that
- +
n, = zk‘n(xk) . (2-45)

We assume that all neutral species have the same temperature Tn and gas
. N4 . y ]
velocity Vn and all ions have the same temperature li and velocity

>
Vi' The electrons have density n, =ny, temperature Te’ and velocity

> >
V = Vi - cJ/en.1 . (2-46)

For cach pair of a neutral species j and an ion species Kk,

Eq. 2-21 defines a weighted mean tcmperature

ﬁn.Ti+kan)

15k ) 0%+mk)

(2-47)

[f either species is an electron the weighted temperature is simply

The rate of momentum transfer due to ion-neutral collisions is
a sum of terms of the form of the right side of Eq. 2-36. For each pair
of a neutral species j and an ion species k, Eq., 2-33 defines a coupling
coefficient Sjk(Tjk’lvn'vil) due to scattering. The ion-neutral coupling

coefficient Sni is given by
) R e o + - _-»-
nongs _Zj, Lk, n(xj)n(xk)sjk(Tjk’lvn v h
, O +ox . T T
* %n(xk)n(xk)_sk((Tanrj)/z,|vn-vi|) , (2-48)

where the s; are coupling coefficients wue tc symmetric charge exchange

of ions of species k with their parent atons or molecules (Section 2.2b).
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Similarly the electron-neutral coupling coefficient $he is

- < N T 2 ~
s o = Zj,n(xj)hje(le,lvn Vo), (2-49)
wvhere we have assumed that the neutral temperature is small compared to

(mj/me)Te. The ion-electron coupling coefficient is

- oo e . _
ngs., = %;’](Xk)bke(le’cd/eni)’ (2-50)
Sie and Spe  Arc closely related to the electrical resistivity (BEq. 5-22).

The momentum balance cquations for the neutral fluid, for the ion-
electron plasma, and for the electrons can be written as (see Glossary of

Symbols in Appendix A)

>
U Ve(p "V )=-VP +pg (Y (Y
At nnn’ o n tPpg -y  (V-Vid - nnnesne( nve)
(2-51)
3(p.V.)
p.V.
11° (o VYV Y = - > 4P B pe
= SR CAA) V(P+P ) ¢ JxB« (0, +0,)8
s (V-V.) 4 (Y
sy (V) 2 angs  (aVe) (2-57)
vV B
0=-VP - c¢n E s 2 + 0 E +nns (V -V ) + n.n_s (V -V ) (2-53)
e c e neme - n e ieviet i e’
We have ignored viscosity and electron inertia. One can eliminate Vo oin

. > - ¢
terms ot Vi and J by Eq. 2-46.

(b) Energy Balance Egquations

For the energy balance equations, Lq. 2-34 defines a heat-transfer
s > - . . . .
coefficient hjk(Tjk’lvn-vil) for each pair of a neutral species j and

an ion species k. The ion-neutral, electron-neutral, and ion-electron heat-

transfer coefficients h . a . : i as in ELqs - -
c c i’ hne’ and h10 aire defined as in Eqs. 2-48 %o 2-50.

25
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The energy balance equations also include frictional or resistive
heating, which is the sum over all pa.:-, of species of the first term on

the right side of Eg., 2-40. Tor each pair of species the rate at which

collisions between species 1 and 2 convert their total macroscopic kinetic
energy into internal energy is n n, le,V)\ , and each species receives a

fraction of this that is inversely proportlonal to its particle mass. The

energy of neutrals is given by

nn.s .aM = ZJ}L,n(X )n(X ) (m mk (T Jk,|l V B}

n i ni n1 oy ) Jk

IR/ A T T

o’

corresponding fraction that goes to ions is 1 - dsg).
and neutrals considered in Sections 3 to 5 this fraction is in the range
0.3 < dég) < (0.7. We also define a "fractional coupling coefficicnt" for

electron-neutral collisions dEE) by

€ = 0, the energy balance equations for the neutral fluid, for the ions,

and for the clectrons are

alp, 1)
__hn ()3 52
t ¢ (pnlnvn) B P V V * nnnlsnldn1kvn Vi)
(n) 2 R P
* lln"csne ne ( ) * nnnihnik(ji rn) * nn"chnek(rc ln) ’

(2-55)
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recall that j and k specify neutral and ion species, respectively, The

- fraction déz) of the ion-neutral frictional heating that goes into internal

- P T, R GO
s Laxny) 3 sk'f(; P s Fi.IV“-Vil); (2-53a)
- 2

For atmospheric ions

m
(n) e . T ~
n-ne ne Ejn(x ) (m +m ) (r ’|vn Vcl) > (2-54)
and similarly for dgz). The fractions dﬁg) and dglJ arc of the order of
the clectron mass divided by the mean mass of neutrals or ions (sce bgs. 2-63
and 2-65).
1 With the collisional terms expressed by means of Eq. 2-40 with

= rery




3(p.1.) .
i i oy vy = - Y (n)
-7 * v (piIiVi) = PiV v, o+ nnnlsn](l d )(V V )
+ nn.s, d(lJ[V )2 -nn.h kK(T,-T. ) ~ n.n_h, k(T.-T)
e’ie ie i g nini™ti on ie ie ie ’
(2-56)
3(" 5 l) 3 - - bt o 2
—ges o . 2T = - P U - '
Jt v Vel > kTgVe) P! Ve * "eSne (VpVe)

>0 S .
+ ninesie(vi-ve)2 - nnneh“ek(1e-rn) + ninehiek(Ti-Pe)

(2-57)

We have ignored thermal conductivity and viscosity, which are not treated in

this paper although they are important processes above 300 km altitude. In

Lq. 2-57 we have assumed that 1 - dég) ~ 1 and 1 - dii) = 1. In the approxi-

- -

mation that V.1 ~ Vn’ the second and third terms on the right side of this

equation are the rate of resistive heating ng, where n is the electrical

resistivity (Kq. 5-22). For nuclear burst simulations that include an N2

vibrational temperature TV, Eq. 2-57 should also include heat transfer pro-

portionul to (Iv-lc).

A special case provides several simplifications to the rate
coefficients. Our numerical results in Section 5 are for the special case

of low relative velocities:

Lo, o, KT KT
[V V. |© < ==+ —, (2-58)
n i m m,

|Vn-Ve|2 <« 2kTe/me. and similarly for the ion-electron velocity. [From

Eq. 2-34b the heat-transfer coefficients become

OS

IR a0

-59
m ) ' m ; K 2ni : (2-59)

ini

n.n.h 24 2,"(x )“(X ) ml+
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=~ '0 3 -
nnhne =~ Zj:n()\j)Ss_je/mj , (2-60)

~ +
.= $ . -61
2o 2; n(X)3s, /m (2-61)
Electron-neutral scattering is important mainly at altitudes below 150 km,
where the neutrals are primarily N,. From Lgs. 2-60, 2-49, and 2-54 one

finds

hoo~ 35 /m(N) (2-62)

4(n) _ -5 _
Jne = me/m(Nz) = 2.0x 10" ., (2-63)
Similarly if most ions have a mass near that of 0*, one finds from Eqs. 2-61
and 2-50

+
hie =~ 3 sie/m(O ), (2-64)

di(i)kme/m(0+) = 3.4 %1070 . (2-65)

Under the above assumptions the ion-neutral fractional coupling coefficient

defined in Eq. 2-53a can be approximated as

{n) _ -
dM =04, (2-66)

accurate to X120 percent.




SECTION 3
SCATTERING CROSS SECTIONS FOR ATMOSPHERIC SPECIES

To use the preceding theory in two-fluid simulations of high-
altitude nuclear explosions, one needs momentum-transfer cross sections for
scattering collisicns as a function of relative speed or of energy. One
needs to consider ion-neutral, electron-neutral, and electron-ion scattering
for principal atmospheric species. Also one necds charge-exchange cross
sections, which will be presented in Section 4.

We consider the species N, O, N2, 02, NO, He, N+, 0+, N2+, 02+,
NO+, He+, and electrons. We concentrate on elastic collisions (¢ = 0) in
the energy range from 0.005 eV to roughly 30 eV for electrons or tens of
kev for ion-neutral collisions. At higher energies, inelastic collisions
dominate; ion-neutral inelastic collisions are considered in Appendix C.

We consider electron-neutral scattering using experimental data, electron-
ion scattering using theory, and ion-neutral scattering using mainly theory

or semi-empirical methods.
3.1 ELECTRON-NEUTRAL SCATTERING BELOW 100 eV

For scattering of electrons from N, O, N,, O,, and NO, we have

2

used the momentum-transfer cross sections recommended by Phelps (Reference 4).
For the molecules his cross sections extend over electron energies from

0.005 to 100 ¢V. lle tabulates the frequency of momentum-transfer collisions
per unit density of molecules (cms/sec); we have divided by the electron

speed to obtain a cross section. Figs. 4-2 to J-4 show these cross sections,

29




The cross sections come from various types of experiments. The

e + N2 cross section comes from an analysis of d¢ swarm experiments, and

Phelps estimates +20 percent accuracy or better. The e + NO cross section

*

is based on an analysis of dc mobility data and, for energies below 0.02 ¢V,
on theory for a polar molecule; the accuracy is a factor two. The e + 02
cross section below 0.1 eV is from microwave measurements and is considered
accurate only to order of magnitude; at higher energies it is from beam
and swarm experiments and is good generally to £20 percent. The ¢ + N and
e + O cross sections are order-of-magnitude estimates based on total scatter-
ing cross sections from electron beam experiments; these cover a more re-
stricted range of electron energyv.

For e + lle scattering we have used the momentum-transfer cross
section recommended by Itikawa (Reference S), which covers electron encrgies
from 0.01 to 10 eV. This is based on dc swarm experiments and should be

accurate to better than 20 percent (Reference 6).  This is plotted in Fig. 4-1.
3.2  ELECTRON-ION ELASTIC SCATTERING

We consider electron-ion collisions at low energies, where in-
elastic processes are not yet important. For electron energies up to 10 eV,
we need consider only elastic (coulomb) scattering. For a coulomb force
between a singly-charged ion and an electron we use the Rutherford differ-
ential scattering cross section (Reference 1)

e4 1

do
(V’e) =
dez 4u2v2 sin4(0/2)

. (3-1)

* -
For e + NO at 20 eV energy we use 2.95 x 10 7 cm3/sec instead

of Phelps' tabulated value.




K

The reduced mass is 1 = m, s but we have not used this in order to retain

the strong advantage ot having the results symmetric between ions and

celectrons. In the Debye approximation the force is assumed zero beyond-
one Debye shielding length AD because the ion charge is shialded by free :
electrons. i

The minimum center-of-mass scattering angle is then (Reference 7,

Eqs. 8-34, 8-35)

2
0 = maximum (~3£—3 . hi%ﬂ) , (3-2)

n ALV
AUV n
D'J
which gives a finite momentum-transfer cross section (from Eq. 2-23),

dve” . 2 = :
Qpv) = =57 g . (3-3 :
nov m -

‘The weak v-dependence of Rn(z/Om) is ignored by substituting in Eq. 3-2

a typical relative speed,

3KT 3KkT,
e i

+
t m m,
(4] 1

R (3-4)

where Te and 'l‘.1 arc the clectron and ion temperatures and V is the
ion-electron macroscopic relative speced, given by LEq. 3-10. We abbreviate
the coefficient in the cross scction by
4
4ne 2
Az —— In =+ 3-5
=g, (5-5)
u m

17

= 8.06 x 10V n(2/0 ) en®/sec?

The factor Rn(Z/Om) depends weakly on n.» T, and V and is plotted fov

V=0 in Reference 7, Figure 8-6. In Section 5 we use mn(z/om) = 12,




This Debye analysis is valid only when a spherc of radius equal
to the Debye shielding length contains a statistically large number of
clectrons (Reference 7, lLq. 8-18}.

ie
hie ('l‘m,V) due to elastic scattering of electrons on ions are calculated by

The coupling coefficient s ('l‘m,V) and heat-transfer coefficient

integration from Eqs. 2-33 and 2-34. The integrands involved have removable
singularities at & = 0 and can be integrated by parts. 'The results can

be expressed in terms of the error function,

X
2
erf(x) = (Z/H)fe't dt (3-6)
0
The results are

(mi+me) v U Ji U
S ,(.[ W) =
e m m.m
A4 10__% , if v=0 ,
3/ (mi+me) U
3-7)
m.m 2,2
. 1 - 4]
hyeMypV) = = = 2 _AX_ eV s (3-8)
g v m+m )" U

where we have again climinated the mean temperaturc 'l‘m in favor of the

related thermal speed parameter (Lq. 2-32)

(3-9)
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Usually the ion temperature is small compared to (mi/me)Te’ S0
L- s . - . ’ ’
v = (2kTe/mc)2. The ion-electron relative velocity is related to the -

current. density by :

VeV, -V = cj/en . (3-10)

The rates of change due to ion-clectron collisions of the momentum

and internal cnergy densitices of the ions arve given by Eqs. 2-36 and 2-40:

+
éffiiil = -« nn (V -V )y os, (T |V v D (3-11)
At e Vi e’ Tiet i e ’

Ap.T.) m
S S ¢ Tovlde g IV
At nine[(mi+mo) Ivi \c| 5ic(lm’|vi Ve‘)

e
+L(le-li)l\ic(lm,‘\i-vel)] . (3-12)
The rates for electrons arce found by interchanging subscripts 1 and e,

. A S .

In the static case (IVi—VO'=U), the second term on the right
side of Eq. 3-12 is the rate of ion-electron heat transfer; when Eg. 3-8
with 3-5 and 3-9 is substituted this tcerm agrees with the long-known form

(Reference 7, Eq. 9-60; Reference 8, Lqs. 5-30, 5-31).

The first term on the right side of Lq. 3-12 is also familiar,
In the rclation for electron temperature change, which is found from Eq. B
3-12 by intecchanging subscripts 1 and e, this term can be considered
in the case of a fully ionized plasma with cqual temperatures as the
electron-ion resistive heating ng. If VvV << U so that Eq. 5-7b can be

substituted, this electron-ion resistivity agrees with the resistivity
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I

"oi in a weak eloctric field and a strong perpendicular maghetic ficeld,
given by Spitzer (Refereunce 8, LEq. 5-42) and Longmire (Reference 7, by,

10-68).

The clectron-ion coupling cocfficient of Eq. 3-7 is essentially
independent of ion mass. 1t can be identified with the above clectron-

ion resistivity by

2
s, (T = (efe)” n . 3-13
le( e,0) (e/c¢) Viei (3-13)
2 . N o "3/2 . . .
and has a temperature dependence of 'o . For relative jon-clectron
. . T . -1, -3/2
speads V<< U the heat-transfer cocfficient hie varies as wy ] 5/ .

¢
At higher speeds both Sio and hic decrease; the function in Table 3-1

N

is usctful here.

We have checked one other special case. For a beam of ions imping-
ing on stationary electrons (Ti = 0 and Vc = 0), kq. 2-38 with substitutions

2-39, 3-11, 3-12, 3-7a, and 3-8 agrees with Reference 7, Eg. 9-55,

2
Table 3-1. The function f(x) = erf(x) - (2/vi)xe ™

X small 0.2 0.4 0.6 080
fx) | (a/3/4)x3  0.00586  0.0438  0.132  0.266  0.428

x- 1.2 1.4 1.6 1.8 2.0 2.5

f(x) | 0.590 0.730 0.837 0.910 0.954 0.99%4
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3.3 ION-NEUTRAL AND NEUTRAL-NEUTRAL ELASTIC SCATTERING
(a) Low-Energy Limit — the Polarization Force

We consider elastic collisions of singly charged ions with atoms
or nonpolar molecules at low energics, below about 0.1 eV in the center-of-
mass frame. The dominant long-range force between these particles is the
attractive force between the ionic charge +e¢ (or -c¢) and the electric dipole
moment induced by it in the molecule. As long as the separation 1 between
the ion and wolecule exceeds 5 x 1()'8 cm, their potential energy is that
due to this polarization force,

‘2(‘

b(r) = - Eﬁx , (3-14) ]
2r

where @ is the polarizability of the molecule,

We use a classical theory of this interaction, for the errors
caused by a classical treatment seem to be mild (Reference 9),  The
momentum- transfer cross section is given by (Reference 2, Eq. 5-7-48;
Reference 11, pp. 457-458)

T ]

(1(mi+mk) |
(v) = 2210w vt BN 3-15
(V) 10 e W, m v (5-15)
ik
This is the polarizability limit of the classical Langevin theory (Reference
12).  table 3-2 gives the polarizabilitics of some atmospheric gases, and

Figures 4-1 to 4-8 show the related cross scections.

The coupling coefficient Sik(1ﬁ’v) and heat-transfeor coefficient
hik(Tm,V) for clostic scattevring of ions on molecules by the polarization

force are known to be independent of temperature when the gases are static

3




Table 3-2. Angle-averaged dipole polarizability and electric dipole and
quadrupole moments of some atmospheric atoms and molecules in
their ground states (Reference 2, Appendix I1).

Polarizability Dipole Quadrupole
Neutral 0 moment moment ,
- TSET(; o 24 s 1 0',_]_?<,,§},atcou1 —an | 107%0 statcou-cof
He 0.205 0 0
N 1.13 0 0
! o . 0 0 0
| Ny 176 0 -1.52
! 0, 1.60 0 -0.39
\ NO l 1.70 0.153 -1.8

(V = 0); this result remains true when the gases are moving. From BEqs. 2-33

and 2-34 the rate coefficients become

’ Q. m

R \ [ (3-106)
s ( ) = 2,216 T e )
|k“m’\‘) ! \/ (m.+m )
: ) K
N RTN
6.631 e UL
h. (T ,V) P S A, B . (-S'l—/.)
tk-m m, +m m. +m
ik ( 1 2) ( i k)
Table 3-3 lists values of these rate cocfficiznts for various ion-molecule
pairs,
3
!;
3 The NO wmolecule has a small intrinsic cleetric dipole moment (sce
: Table 3-2).  This dipole moment is exssential to ¢ + N0 scattering at low
energy, as noted in Section 3.1, For scatteving of an atomic ion from NO,
3 ¥
this dipole moment presumably causes a long-range force whose puiential varies
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Table 3-3. Coupling cocificient and heat-transfer coefficient due to
polavization force for various atmospheric jon=-neutral pairs.
These are calculated from Equations 3-16 and 3-17.

T T comtime ] eatetansfer

lon and coe_fficient‘ T coefficient, "‘k‘

heutral 10'32 gm-cm:}/s::c 10"0 cm3/sec !

AN 1.2 7.80
ot + N 1,25 7.52
Ny N 1.0 6.00

Nt o+ N 1.41 5,80
R0 1.03 6.20
o' + 0 1.07 6.07 ,

0, + 0 1,23 4.63 .

N' v 0 1.22 4,78 F:
NN, 1.74 7.49 é
0"+ N, 1.82 7.47 ;i
Ny + N, 2.13 6.85 g
N e, 217 6.75 z
N ovo, 1.70 6.66 g
o'+ 0, 1.78 6.68 :
N+ 0, 2,14 6.23
0y + 0, 2.7 6.14 %
NN 13 /RIE g
0" + 1 Lo st ;
TR 278 6.53" %
ST 0.275 | 6.2 :

a . . S . -
% Less accurate, because of the intrinsic dipole moment of N0, Sce text.

L
~~
[l
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with scparation like r*z; this potential-energy term also depends on the
orientation of the NO molecule. For the polar gas CO, however, measure-
ments of the mobility of alkaii ions in CO unexpectedly agree with the
prediction based on the polarization force (Reference 13; Reference 10,
Section 9-9-F). This agreement may be because the dipole moment of CO

is very small (0.11 x 10_18 statcoul-cm) or because the r_z potential
energy vanishes when averaged over all orientations (Reference 10, p.446).
We will therefore use the polarization-force cross section and rate coeffi-
cients for NO, as shown in Figure 4-8 and Table 3-3. We similarly ignore

the clectric-quadrupole interaction potential (which varies as r's)

2

between an ion and an N_ or 02 molecule.

(b) Scattering Below 20 eV

We consider elastic atom-atom or ion-molecule collisions for
center-of-mass kinetic energies below 20 eV, For atmospheric species this
. . . 6 . .
implies a relative speed less than 2 x 10~ cm/sec and a distance of closest

approach of about 1 x 107% cm or more.

For two atoms or nonpolar molecules, the interaction potential
ecnergy @(r) has an attractive r'6 dependence at long range (the London
dispersion or induced-dipole-induced-dipole interaction) and a repulsive,
approximately exponentiai dependence on r at short range. We use the

Lennard-Jones (12-6) potential, the r_lz

term being a convenient power-law
approximation to the short-range repulscion. For an ion and an atom or non-
polar molecule, the dominant long-range interaction is the attractive 4
polarization potential considered earlier; for this case we use a (12-4) or
(12-6-4) potential. We express the potential energy in terms of the depth
€ of its minimum, the separation r at which this minimum energy -¢

occurs, and a dimensionless parameter Y wmeasuring the relative strength

of the r ® and r* energies:

-~ 2 .
o(r) = %e[(lw)(iﬁ‘) - 4Y<1—'.“) - -’*(1-“('1;1'-&)4} : (3-13)
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The case of vy =1 1is the Lennard-Jones (12-6) potential, and that of
Y =0 1is the (12-4) potential.

Table 3-4 shows the assumed form and the parameters of the

0 et
]

potential for several pairs of atmospheric species. We have excluded ions

K

in their parent gases because, at room temperature and above, charge

exchange dominates; a classical calculation would be dubious and the re-

sulting elastic momentum transfer negligible at energies above 0.03 eV.
For ion-neutrzl interactions we choosc one parameter by requiring that
the r'4 term of Iq. 3-18 match the polarization potential, Eq. 3-14;
for example, for N" + 0 we use the polarizability o of 0O to calcu-

late Yy by

Yy=1- T - (3-19)

For the bottom three pairs in Table 3-4, Mason (Reference 14)
has estimated ion mobilities for the temperature range 0 < kT < 0.22 eV,
The mobility Ko (cmz/statvolt-sec) at standard density of a species of
singly-charged ions in a weak electric field is related to our coupling

coefficient Sjk for static gases (V = 0) Dby (Reference 12, Section 5)

< o & 7 ”s = - e hey B
} _jk(r,()) + b}:(l,()) = "OKO(T) , (3-20)

19

where n, = 2.69 x 10 molecuies/cm3 is the density of neutrals at standard

conditions (0°C and 1 atm). For the last three systems in Table 3-4 Mason

used the mobility of the TR H2 or NO' + N2 system as a model and
scaled it. An equivalent procedure, which we adopted, is to assume that
the potential encrgy of the system is given by Ey. 3-18 with €& and Y
being the same as for Mdaszon's model system and T being determined from

Eq. 3-19 and the polarizability a of the actual system. Thus, for these
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Table 3-4. Characteristics of potential energy functions of pairs of
atmospheric species for separations greater than 1x10-8 cm.
‘s "m
Colliding Nature of Form €
pair interaction? | of &(r) eV 1078 ¢m Y
N+ N val. 12-6 9.84¢ 1.105¢
N+ O val. 12-6 6.64° 1.35¢
0+0 val. 12-6 5.22" 1.22°
He + He rep. 12-6 0.00088" | 2.9f
Ny + N, rep. 12-6 0.00749 4,29
0, + 0, rep. 12-6 0.00869 3.99
AR LR R S B S
N +0 val. 12-6-4 4.57¢ 1.23¢ 0.65°
+
0 + N val. 12-6-4 | 10.97°¢ 1.06°¢ 0.61¢
+
NN, va1.p 12-6-4 | ~2.7%9 1.83° ~0.720+d
+
0" + 0, va1.b 12-6-4 | ~2.70d 1.79° ~0.72P>d
0y + 0 rep.® 12-4{2)P| ~0.11° 2.4®
0.32°

a rep. = short-range repulsive force
val. = short-range attractive valence force

b Mason, 1970 (Reference 14)

¢ Gilmore, 1972 (Reference 15)

d Mason and Vanderslice, 1959 (Reference 16)

& calculated from Eq. 3-19 by using the polarizability of the neutral
species in Table 3-2 together with ¢ and o (ory) from this table.
For the (12-4) potential, Yy 1is zero.

f Hirschfelder, et al., 1964 (Ref. 26). Kestin and Leidenfrost (Ref. 21)
give Y " 2.48 x 108 cm and a larger energy, ¢ = 0.0060 eV.

g 1

Hilsenrath, et al, 1955 (Reference 22)
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systems our coupling coefficient sik(Tm’V) corresponds exactly to Mason's
mobility but extends to higher température and to nonzero relative gas vel-
B
i = |V -V,
ocity V= [V -V;].

For 02+ + 0, Mason made an ecducated guess that the short-range

force i1s repulsive. The dissociation energy given by Gilmore (Referencec 15),
03+ -+ 02; + 0 - 0.32 eV, supports this assumption. Mason also estimated

the mobility of NO* + 0 based on a short-range repulsive force, but this
assumption appears wrong in view of Gilmore's dissociation energy,

No," > NO" + 0 - 2.60 eV.

The momentum-transfer cross section for a (12-6-4) potential has
been tabulated in the dimensionless form qD(v)/wr2 as a function of
i Ny /: and the parameter vy (References 17, 18). Tigures 4-2 to 4-8
show plots of the cross sections qp that are found by interpolation from
this table. In Section 5 the rate coefficients Sjk(Tm,V) and hjk(1ﬁ’v)
for elastic scattering are found by integration from Eqs. 2-33 and 2-34;
they are plotted in Figures 5-1 and 5-3. An alternate method, which we used
as a check,is to find s(l ,0) by interpolation from the tabulated collision
integral (1 1)Ll‘) in Refercnce 17 together with the relation (see Refer-
ence 2, p.139)

2m.my k1
8 j (l 1)
k(l 0) = 3/_ ((a—:a;)) m . (3-21)

For 02+ + 0, for which the nature of the interaction is less
certain, the estimated upncertainty in s (or KO) is a factor of two
{Reference 14) for temperatures up to 0.22 eV and an order of magnitude
at high temperatures. For N+ N2 and 0" + 02 we feel that the un-
certainty should be a factor of two over the whole temperature range, and

for the first five systems in Table 3-4 we estimate %30% uncertainty.
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(c) Scattering from 50 to 30000 eV

In ion-atom encounters at center-of-mass encrgies above 200 eV
elastic scattering is exceeded by charge exchange (see Figures 4-1 to 4-8).
These charge-exchange encounters cause very little momentum transfer between
the fast particles and the slow ones. The slowing down of the fast particles
is most likeliy brought about by atom-atom scattering. We have therefore con-
centrated on atom-atom scattering rather than ion-atom scattering in this

energy range,

We use a two-atom Thomas-Fermi interaction potential with a scaling
rule for unlike atoms (Reference 19). The range of validity of the treatment
is restricted at the lower end to energies much greater than molecular binding
energies, say center-of-mass kinetic cnergies above 50 eV. At the uppexr end
inclastic scattering involving excitation and ionization overtakes elastic

scattering at a speed around 108 cm/sec (see Appendix C and Figure 4-6).

The colliding pair is described simply by the atomic numbers Z1

and Z,. The scales for distance and energy are
/5 2 2/3
(————————~—~—) a (3-22)

“1(;1[)2
R AR B
2/3

0.469 x 1072 ( 2 ) |,

and

v o -
€, © €2 L,/A (3-23)

- [5-\2/3
0.0507 2,2 | V1 ZZ) keV
. s 1 2 — 7 ~ .

4 !

a2

ARAA S W L IO

%
/
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The scaled center-of-mass kinetic energy of the colliding particles is :

denoted by

= %—uvzleo , (3-24)

and the momentum-transter cross section is given in the dimensionless form

W

(W) in Table 3-5, which is taken from Table 2 of Reference 19:

a,(v) = ATEW). (3-25)

At intermecdiate cnergies we use log-log interpolation in the table, and at
the high-energy end we extrapolate by

3/2

F(W) = 0.006(10/W)" if W> 10. (3-26)

. These cross sections for He + He, N+ N, O0O+0, and N+ 0 are
shown in Figures 4-1, 4-2, 4-3, and 4-5, respectively; these are believed

- to be accurate to better than a factor 2 (Reference 19). For atom-molecule
collisions such as 0 + 02 we have simply added the appropriate atom-atom

scattering cross sections (Figures 4-6 to 4-8).

Collisions of singly charged ions with atoms are more complicated
than atom-atom collisions because one should take into account charge
exchange. This is not dome in the classical scattering calculation used
here for atom-atom cross sections. TFor a rough cstimate one might take
the ion-neutral scattering cross section to equal the corresponding neutral-
neutral one; we do this in Section 5 in extending the rate coefficients

sjk and hjk to temperatures above 50 eV,

Table 3-5. The function F(W) = qD(v)/Az (Reference 19, Table 2).

W F(W) i W FIW)
0.005 110. 0.3 5.28
0.010 70. 1. 1.46
0.025 37. 3. 0.367
0.05 22.6 10. 0.066
0.1 13.4 >10 - 0.066x(10/4)%?
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SECTION 4
CHARGE-EXCHANGE CROSS SECTIONS FOR ATMOSPHERIC SPECIES

1.1 INTRODUCTION
We consider symmetric charge exchange of six positive ions:
He' + llc » He + He' (4-1)
N+ + N =N + N* , (4-2)
o +0 >0 +0" , (4-3)
N© Ny N, e N (4-4)
NO* + NO + NO + NO' (4-5)
0," +0,>0,4+ 0, , (4-6)

and eight asymmetric charge-exchange reactions:

N +0 N +0 +0.92ev , (4-7)
+ +

N *+ N, >N + N, - 1.05 ev , (4-8)
+ +

N, *N N, + N 1.05 ev (4-9)

0+(49) +0,70 + 0,+ + 1.56 eV (4-10)
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o' (%p) « 0,0 +0 " + 488 cv , (4-11)
+ +

0, +0 20, + 0" - 1.5 ¢V , (4-12)
+ +

N +NO N + NO' +5.27 v, (4-13)
o'l4s)+ N0 »0 + No* + 435 oV (4-14)

2

o' (°p) + NO» 0 + NO* + 7.68 oV , (4-15)
+ +

N +U 2N + U +8.4 ev (4-16)
+ 1

0 +U 20 + U w75 eV . (4-17)

For threce other asymmetric rcactions we have scarched the literaturc but

found no reliable cross section:

00 +N=>0 +N -0092ev , (4-18)
+ +

NO' 4+ N> NO+ N -5.27 eV , (4-19)
+ +

N+ 0> NO+ 0" - 4.35 eV . (4-20)

Ground-state reactants are emphasized; information on the states of the re-
actants is included wherc available. The products of the asymmetvic re-

actions are likely to he excited, and all states are included. The energy
cxcesses shown are only limits because they are calculated by assuming that

the products as well as the reactants are in their ground states.

We have searched the literature through November 1974 for measured
cross sections. Where exp .imental data is available we have relied on it

rather than on theorcetical calculations.
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Another column

this range is

measured quantity is indicated under Remarks; it is either the ioa mobility

- Tables 4-1a to 4-1k list the studies selected.  The first column
includes the name of the first author and the publication date. The sccond
column gives the experimental technique and the particie detcetion wethod,

where important, as tfollows:

flowing afterglow

stationary afterglow

drift tube

flowing-afterglow drift tube

ion cyclotron resonance

high-pressure mass spectrometer ion source, operated
in the many-collision pressurc regime

beam in gas cell, operated in the single-collision
pressure regime '
beam in gas cell, equilibrium method, fast-particle
detection

crossed beams

merging beams, including magnetic analysis of products
detcction of fast particles

detection of slow particles. If the energy of the
primary ions in a beam oxperiment exceeds 10° eV,
the slow product ions include many that are produced
by jon-impact ionization. Also, if the energy of the
primary ions is very low, the slow ions include
elastically scattered primary ions.

product ions analyzed by a mass spectrometer

reactants isotopically labeled.

gives the range of ion cnergy for which a cross section is

"
measured. [t the author used center-of-mass energy Ecm = (mlmq/(ml+m7))v‘ 2,

given in brackets. Where a temperature range is given, the
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see lq. 3-20) in the case of ions in their parent gas or the rate coef-

(
ficient in the casc of asymmetric charge cxchange.
4.2 SYMMETRIC CHARGE EXCHANGE

+ + « . . . .
He + He » He + le We selected the investigations in Table

Se* + Mie +3e + 4l|e+, which is not

4-1a. Reference 26 is a study of
strictly symmetric, but the difference between the ionization energics of

3“0 and dHo is assumed to be too swall to affect the resonance character of

the charge coxchange.  References 28 to 40 agree well and provide a cross

scction down to ion energy 4 eV, which is shown in Figure 4-1, For con-

venience Figures -1 to 4-8 are placed together at the end of Section 4, :

inmediately preceded by the notes onn these figures,

q [
For 1.1 x 107 < v < 2.3 x 107 ¢m/sec we use the mobility
measurements of Reference 25 together with Eqs. 3-20, 2-33b, and 2-43 to

obrain an cmpirical power-law fit to” qn(v) + 2 ox(v):

16 56

- hi -
qpv) + 2 ox(v) = 92 x 10 e (v/1,58 x 10° cm/sec) 0.

(4-21)
At these low energies there is no experimental data on how to separvate
this into qD(v) and Ox(v) individually; we separate them arbitrarily
by taking the clastic scattering qn(v) to be given by its polarization
Limit, Eq. 3-15. For ion enerpics below 1 eV this charge-cxchange cross
section ox(v) is dotted in Figure 4-1 as a reminder that it was chosen

merely to make the total, qn(v) + 2 Ox(v)’ consistent with measurcments.

Strictly one obtains a fit to the quantity =

do ’ B
qn(v) +~I~ (1 + cosB) (K? s , : '?
4n :

which 13 the

N

of Retference 2, Eg. 5-7-1.

a7

per
)
|

]




Table 4-la. Studies of the cross section for He+ + He -+ He + He+.

Reference Technique lon Energies Remarks
23 (Heiche, 1970) theory | [2x107%<E <4 V]
24 (Dickinson, 1968) theory [0.0037<Ecm<0.13 eV]
25 (Orient, 1967) DT 1190°<T<650°K] Ton Mobility
26 (Swith, 1974) ICR, i [0.1<E <20 V] [usedHe* + %ite
27 (Mahadevan. 1962) B,s 1 to 75 eV
28 (Cramer, 1957) B,s 4 to 400 eV
29 (Belyaev, 1968) ME, i [7<E <100 eV]
30 (Hayden, 1964) B,s 50 to 1000 eV
31 (Ghosh, 1957) B.s 100 to 8CO0 eV
32 (Nagy, 1969) B,” 400 to 2000 eV
33 (Shelton, 1971) 8,5 2 to 20 keV
34 (Stedeford, 1955; B,s 2 to 40 keV
35 (Barnett, 1958) Eq 8 to 200 keV
36 (DeHeer, 1966) B,s 10 to 140 keV
37 (Fedorenko, 1956) B,s 13 to 180 keV
38 (Jones, 1959) B,f,n 25 to 100 keV
39 (Mlison, 1956) B,f 100 to 450 keV
40 (Nikolaev, 1961) B,f,m 320 to 1300 keV
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N e N »*N + N+: We use the only known measurement (Refercnce 29)

and extrapolate in both directions by tollowing the shape ot the Rapp and
Francis theorctical curve (Reference 41).  See Table 4-1b and Fipure a-
Above 30 keV ion cnergy we estimate the cross section from measurements by
Fite's group on the charge exchange of N s N, and o' 0, (Reference 73)

and of 0"+ 0 (Reference 44); at a given speed our estimate is
0 (0 +Q))

o (NTeN) s o, (N ) Do (4-22)
X 2 o, (n +0,)

Table 4-1b. Studies of the cross section for N* + N - N + N'

Reference Technique Energy Range
29 (Belyaev, 1968) MB 7 < Ecm < 700 ev
41 (Rapp, 1962) Theary 0.005 < E < 35000 eV
0' + 0 +0+0"; The agreement among the measurements in Table

d-1¢ is very good, and the result is shown in Figure 1-3.  We have again

extrapolated down to 0.3 ¢V ion encergy by following the shape of the

theoretical cross section of Reference (i,

0 are in the

a
-

likely to include

Oxygen atoms formed by thermal dissociation of
ground state, while those produced by an r{ discharge arc

excited atoms, For the resonant reaction d-3 one would not expect the

presence of excited states to influence the cross scction greatly

L )




Table 4-1c. Studies of the cross section for 0' + 0~ 0 + 0.

- R e (e Production i Fromdio
Reference Technique of 0 atoms Ion Erergies
- 42 (Stebbings. 1964) CB,S M rf discharge | 40 to 10000 oVf
43 (Rutherford, 1974) CB,s,m thermal dissoc. | 60 to 500 eV
. 44 (Lo, 1969) B,f,m thermal dissoc. | 30 to 2000 keVl

+ . . + - . :
Ny + N, N+ N, We selected fifteen sources of cxperi-

o

mental cross sections, as listed in Table 4-1d.  Discrepancies among

Lese cross sections ave partly due to differoncen in the distribution

of clectronic and vibritional states of the primary N, .  In all of the

: . : . “ . A
beam experiments in this table except Reference 31 the primary N, ions

wvere produced by electron impact on Nyi the electron cnergy is in the

thivd colum, Four investigators (References 52, 54, 57 and 58) studied

RS - . . . . ~ - - +
the effect of changing the distribution of states of the primary N, by

varying this electron cnergy. They tind that changing the electron energy

from 16 or 18 ¢V to high cnevgies (25 to 90 V) decreases the cross section

somewhat. ‘The Targest Jdecrcase measured was a factor 1,35,

Maier (Reference 52) hus calculated the initial distribution of

, . . . + .
clectronic and vibrational states of N for three eclectron-impact

. . . " + .02 . agre s
energies.  Of the known clectronic states only N, (A H“) is sufficiently

-

populated and has a long enough lifetime to affect the measured cross
+

sections.  The ¢ross sections for N

2
3 (AM““) ions in various vibretional

levels to charge-transter with ground-state N, are estimated theoretically

-

to be signitficantly smaller than the cross sections tor ground-state

AIPPANE . . . . - " .
N, ( L") reacting with ground-state N, (Reference 58, p. 55060). The

9 2 ,
lifetimes of the vibrational levels of the A"H“ state (Reference 52,

Table 1) are comparable to the elapsed time between formation apnd reaction

50
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Table 4-1d. Studies of the cross section for N2 + r\2 i N2 + N2 .

Reference

45 (Moseley, 1969)
A6 (Huntress, 1971)
47 (Kobayashi, 197%)
48 (Ticrnan)

49 (Nichols, 1966)
50 (Leventhal, 1967)
51 {Stebhings, 1963)
52 (Maier, 1974)

53 (Gustafsson, 1960)
54 (Amme, 1964)

31 (Ghosh, 1957)

55 (Savage, 19638)

56 (Neft, 1964)

5 (McGowan, 1964)

58 (Flannery, 1973)

Technique

Electron
tneryy

DT
ICR
DY ,m
B,i
B,s
B,5,m,1
Ch,s
B,5,m,i
Bys,m

B,s

not known
95 eV
50 to 70 cV
290 eV
19,2 ov?
high, ~70 eV
2.5 ev?
rf discharge
30 to 50 eV
not stated
55 eV

Note a

lon Energies

Remarks

[T=300"K]
[300“{Ti<500°K]
[0.05<Ecm<2.5 eV]
~0.3 eV
0.5 to 17 eV
1 to 50 eV
15 to 5000 eV
20 to 45 eV
50 to 900 eV
50 to 1000 oV
100 to 800 eV
100 to 1000 eV
190 to 3000 cV
600 to 2000 eV
750 to 2200 eV

Ton Mobility

Note b

Note ¢

2

Eq. 24, and our Eq. 3-20 then gives sjg + si*
is the ion kinetic tomperature T;; the temperature of the neutrals we take to

a
of states of the primary Nz*
b
density of Np,
be T, = 293 °K,
C

3

The quantity plotted in Huntress's Figure 3 is k = {/n, where
average of the (momentum-transfer) collision frequency and n
This is related to the reduced mobility K,

= my k.

The electron energy was varicd to study the effect of changes in the distribution
ions,

is the velacity

is the number
by Huntress's
The abscissa of Fig., 3

Gives only relative cross sections as a function of electron ¢nergy.
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i . + . - . . .
- of the N2 in various beam cxperiments. This latter time depends on ion

energy and is not stated for most of the beam experiments in Table 4-1d.

Thus one can find only an upper limit to the fractional populaticn of the

2
A 5 beam.

. .. +
Hu state in the incident N

We have not attempted to adjust the measured cross sections to
refer to a given distribution of states, such as a pure beam of ground-
state Nz+ ions. The discrepancies due to different distributions of
states in the primary N2+

due to unknown other sources. For example, at an ion energy around 50 eV

seem to be no larger than the discrepancies

the cross sections from Table 4-1d differ by factors up to 2.0, and the
smallest (Reference 52) and largest (Reference 54) are from experiments

that used similar low electron energy.

Figure 4-4 shows our recommended cross section. The extension

Gy

to ion energies above 5000 eV is an extrapolation.

For 5.9 x 1()4 <v <7 x 107 cni/sec we use the dc and ac mobility

AR NI

measurements of References 45 and 46 together with Eqs. 3-20, 2-33b, 2-21,

TR,

and 2-43 to obtain an empirical power-law fit to qD(v) + 2 ox(v):

0.1

14 cm2 (v/5.97 % 107 cm/sec) T,

4p (V) + 2 0 (v} = 1.6 X 10

(4-23)

We calculated ¢ below 1 eV by the same arbitrary separation procedure
. . + +
that is described above for He + lle » lle + He , and the same remarks

apply.

()7+ +0, 02 + 02+: The seven references in Table 4-le show

. v . OR + - -~
v ) serious discrepancies. The 02 + 0, measurcments of Reference 47

wore published after Figurc 4-4 was completed, but only small adjustments




Table 4-le. Studies of the cross section for 02+ + 02 > 02 + 02+.

Reference Technique Ion Energies Remarks
59 (Snuggs, 1971) DT ,m [T = 300 °K] Ion Mobility
47 (Kobayashi, 1975) DT ,m [(0.045 < Ecm < 2.8 eV]
60 (Varney, 1970) DT ,m ~0.2 eV
48 (Tiernan) B,i ~0.3 eV
51 (Stebbings, 1963) CB,s 25 to 6500 eV
61 (Ghosh, 1957) B,s 100 to 800 eV
54 (Amme, 1964) B,s 100 to 1000 eV

are indicated for speeds above 2 X 105 cm/sec. Below 1 eV ion energy we
used the mobility measurement of Reference 59 and followed the same
proceduvre described for He' + He amd N2+ + NZ' The result is more un-
certain in this case because the temperature dependence of the mobility was

not measured and must be estimated.

Two inves:tigators (Refercnces 62 and 54) have studied the effect
of changing the distvibution of states of the primary 02+ by varying the
electron energy used in producing the O ¥ by electron-impact ionization.

2
Compared to the accuracy of the measurements, this effect is unimportunt.

NO' + NO + NO + N0+: The cross sections from Table 4-1f arc

considerably more uncertain than for the other cases of symmetric charge
exchange considered in this study. Onc cause is the presence of excited

. . + . . . R +
states in the primary NO ions (References 51 and 62). For primary NG




Table 4-1f. Studies of the cross section for NO* + NO » NO + NO'.

Reference Technique Ion Energies Remarks
63 (Volz, 1971) DT,m [T = 300 °K) Ton Mobility
64 (Henglein, 1962) B,s,m 5-40 eV
51 (Stebbings, 1963) CB,s,m 25 to 4000 =V
61 {(Ghosh, 1957) B,s 100 to 800 eV ‘
62 (Moran, 1974) I B, f 400 to 1200 eV Note a ;

Gives only relative cross sections as a function of electron energy.

ions produced by electron-impact ionization, varying the electron energy _
from 9 to above 30 eV increases the cross section by a factor 1.5 at ion 'f
energy 400 =V (Reference 62); this cffect is opposite to that for NZ+ + N2 3%
mentioned above. =

4.3 ASYMMETRIC CHARGE EXCHANGE

5
5

N+ 0N+ 0% From the sources in Table 4-1g we put together

the cross section in Figurc 4-5. The two arrows above this curve are
measured upper limits., In References 43 and 67 the O =atoms are known to
be in the ground state because they are formed by thermal dissociation. The

cross sectica for reaction with the metastable N*(ID) ion,
N(p)y + 0 »N+0" (4-24)
+
is reported to be not large compared to that for ground-state N  ions,

even at ion energiecs as low as S eV (Reference 43).
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Table 4-1g.

Studies of the cross section for N+ + 0N+ O+.

Production of

Reference Technique 0 atums lon Energies | Remarks
65 (Bortner, 1973) not stated not stated ® |Estimate of
rate coeff.
66 (Neynaber) MB charge transfer 0.19 eV Upper limit,
ox<10-17cm2
5 eV Upper limit
43 (Rutherford, 1974) CB,s,m thermal dissoc,
400 eV
67 (Lo, 1970) B,f,m? thermal dissoc. 30 to 2000 keV

a

N susN+ Ut and 0t s U0 syt

We have assumed that the estimate applies for 200°< T <

700 °K.

Also shown in Figure 4-5

are 1974 results of crossed-beam experiments of Neynaber, Rutherford, and

Vroom (Reference 68).

N+ + N, > N + N +:

2

2

In the detailed low-energy study of Maier and

Murad (Reference 69) the reactants were isotopically labeled and the kinetic

cnergics of the product N

reaction proceeds by both stom and clectron transfer,

+

2

were determined.

They conclude tnat this

For ion ecnergics

below 16 ¢V the cross sections for electron and atom transfer are roughly

equal, but at higher energy the cross section for electron transfer is

dominant.

Also the kinetic energy transferred into internal encrgy of the

products is considerably larger than the minimum of 1.05 ¢V required for

this reaction to occur; it increases from 3.2 to 10 eV as the center-of-

mass kinctic energy increases from 4 to 50 eV,

(2}
5

o pgigae gt ST

R R

&
1
&
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The effect of excited states of N' has been studied in Refcrences
71 and 53. Neynaber et al, (Reference 71) conclude that the cross section

for the reaction
N (D) + N, > N+ NZ+ (4-25)

is expected to be, and is observed to be, small. (They used ion energies
of ~10 to 500 e¢V.) McGowan and Kerwin (Reference 53) report only a small
increase (~20 percent) in the cross section as the electron energy used to

+ . .
produce the N ions is varied.

The differences among the three cross sections presented in
References 69 and 70 are a factor of 2 to 4, and when those of References 51
and 53 are considered, the discrepancies are far larger. See Table 4-1h.
Maier and Murad (Reference 69) discuss the differences and recommend that
the cross section of Reference 70 be preferred when the primary N ions
are produced by electron impact on low-pressure N,. We adopt the cross
section of Reference 70 for ion energies up to 500 eV.

At high energies the agreement between Refercnces 72, 73 and 40
is good. (Note that in References 40 and 72 the cross sections are given
in cmz/atom instead of cmz/molecule as used in Figure 4-6). For these
energies the cross sections refer to the reaction

N+ N, > N + slow products . (4-26)

Figure 4-6 shows the recommended cross section, in which these high-energy

results arc joined to that of Reference 70 by a smooth dotted curve.
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Table 4-1h. Studies of the cross section for N+ + N2 - N+ N2+.

Reference Technique lon Energies
B,s,m,i 3 to 50 eV
69 (Maier, 1971)
B,s,m 1.5 to 100 eV
70 (Neynaber, 1971) CB,s,m 1.5 to 500 eV
51 (Stebbings, 1963) CB,s 20 to 5000 eV
53 (Gustafsson, 1960) B,s,N 25 to 900 eV
57 (McGowan, 1964) B,f 2000 eV
72 (Ormrod, 1971) B,f,m 15 to 70 keV
73 (Brackmann, 1968) 8,f,m 30 to 1300 keV
40 (Nikolaev, 1961) B,f,m 500 to 2400 keV
N2+ + N -+ N2 + N+: Kretschmer and Petersen (Reference 74) have
measured tiie rate cocfficient at 300 °K temperature by an indirect technique

13 3, ;
cm”/sec, is

using Langmuir probes. Their rate coefficient, 1.4 x 107
much lower than the upper limit determined by the afterglow experiments of
Ferguson et al. (Reference 75). The result of Reference 74 is shown as a

point on Figure 4-6.

+ + . +
0" + 0p) >0+ 02 : The crusc sections for ground-state O (4s)

. .

and for metasteble O (20) have been measured separately in three becam

experiments (Retferences 48, 68, and 85; see Table 4-11). Their results are
. +

consistent, and we have shown a separate cCross section for O (20) + 02

in Figure 4-7.
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. +
Table 4-1i. Studies of the cross section for 0+ + 02 + 0+ 02 .

Reference Technique Ion Energies Remarks
76 (Dunkin, 1968) | .
FA [80°<T<600°K] Rate Coefficient

77 (Ferguson, 1969)’
78 (smith, 1968) o

~ SA [180°<T<600°K] Rate Coefficient
79 (Copsey, 1966)’
80 (Lindinger, 1974) FA [300°<T<800°K] Rate Coefficient
81 (Warneck, 1967) HPMS [700°<T,<1100°K]* | Rate Coefficient
82 (Pharo, 1971) ionospheric [T = 900°K] Rate Coefficient
83 (Johnsen, 1973) DT ,m 300°K to 2 eV
84 (McFarland, 1973) FDT,m [0.05<Ecm<3.2 eV]
48 (Tiernan) B ~0.3 eV atso 0° (%p)+0,
68 (Neynaber, 1974) CB,s,m 4 to 500 eV Atso 0 (“D)+0,
85 (Stebbings, 1966) CB,s,M 10 to 100 eV Also 0+*+02
57 (McGowan, 1964) B,f 1.6 keV
86 (Turner, 1969) B 8 to 60 keV
87 (Solov'ev, 1972) B,f,m 28 to 180 keV
73 (Brackmann, 1968) B,f,m 30 to 2000 kaV

a 710 compare to other temperatures in this column one nust cglcu]ate.
the temperature Ty (Eq. 2-21 or 2-47) characterizing the distributiun

of relative velocities of 0% _
300°K the range of this temperature is 600°<Ty<800°K

- 02 pairs.
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The drift-tube measurements arc believed to refer to ground-state
o' (4s) ions (Reference 83), and we have assumed the same for the afterglow
experiments. The temperature-dependent rate coefficients have been used
to estimate charge-exchange cross sections ox(v) by using Eq. B-11b to
obtain an empirical power-law fit to ox(v). Some of the recent measure-
ments (References 80, 82, and 48) indicate a lower cross section at low
encrgies than do References 76 to 79, 81, and 83; the discrepancy is nearly
a factor of 2 in the range 1 x 10S <v < 2X 105 cm/sec,  We choose an
intermediate cross section here and indicate the conflict by a dashed line

in Figure 4-7.

At intermediate energies we follow the cross section of Neynaber
et al, (Reference 68). At high energies References 87 and 73 agree well
and we have followed the latter. For thesc energies the cross sections
refer to the reaction

+

0 + 0, + 0 + slow products . 4-27)

2
In Figure 4-7 this high-energy curve is comnected to that of Reference 68

by a smooth dotted curve,

+

+ .
02 +0»>0 + 02: The only measurcment is the crossed-beams

experiment of Stebbings et al. (Reference 88), covering ion cnergies from

70 to 6000eV. This mecasurement is probably strongly affected by the presence
of excited atoms and excited ions in the incident beams. To estimate the
cross section for ground-state reactants we comparcd measurements of
Reference 88 to those of Reterence 43 for two similar charge-exchange

reactions, those for N Y+ o0 and NY o+ 0 (reaction 4-7). In Reference 43,

2
where the reactant O atoms are in the ground state and the ions are pro-
duced by impact of lower energy electrons, these two cross sections are
smaller than thosc of Reference 88 by a factor of about 6. For our estimate
of the cross section for 0,,+ + 0, we divided the cross section of Reference
88 by 6 (and at 2 keV iovn cnergy by a more conservative factor of 3). TFigure

7
4-7 shows the result, which covers only the range v < 2 X 107 om/sec.
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- N+ NO+ N + NO*: Rutherford (Reference 91) has extended the

- crossed-beams measurements of Turner (Reference 92) down to 1 eV ion energy;

- : . -1 2
- the cross section remains nearly constant at o, = 1.5 x 10 6 cm”. At room

temperature, however, the flowing afterglow measurement (Reference 89) in-
3 dicates a cross section of about 100 x 10'16 cm2 for va7X 104 cm/sec.
g Betveen room temperature and 1 eV are the measurements of References 90 and
48 at two well-placed energies. It is unfortunate that the range of ion

temperature or mean ion energy used for this reaction by Warneck (Reference

90) is not stated more precisely, but his measurement is nonetheless signi-
ficant. The cross sections from the four experiments mentioned so far (the
first four in Table 4-1j) decreasc monotonicaliy as the energy is increased

il to 1 eV. Taken together, they support the steep drop in cross section

It is not known whether atom transfer, as opposed to electron

{
ii
1 . .. . e .
3l transfer, is important at low energies (Rcference 89). The eftect of
: . + . . .
18 excited states of N was studicd in Reference 92 by varying the energy _

~ + . . .
of the electrons used to produce the N ; the cross section is relatively

insensitive to electron energy.

b
o . - i
: At high energics we average the charge-exchange cross sections

2

: } + s
8 of Reference 73 for N + N {reaction 4-8) and for N + 02. Figure 4-8
shows our recommended cross section, which covers the range O X% 104-<v <§x10

8

em/sec. (At high energies this curve is indistinguishable from that for

0" + NO).

f 0" + NO » 0 + NO*: Both beam experiments in Table 4-1k have

measured separately the cross sections for ground-state O+(4S) and for

metastable 0+(2D), and the results of Reference 48 are consistent with

é extrapolations of the results of Reference 68. At the lowest ion energies

; in these experiments (0.3 and 1.5 eV), however, even the measurements for ﬂ,

1 ground-state 0" exceed the flow-drift tube result (Reference 93) by a
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Table 4-1j. Studies of the cross section for N+ + NO » N+ N0+.
Reference Technique Ion Energies Remarks
89 (Goldan, 1966) FA [T=300°K] Rate Coefficient
90 (Warneck, 1967) HPMS or LPMS Note a Rate Coefficient
48 (Tiernan) B,i ~0.3 eV
91 (Rutherford) CB,s,m 1 toz5 eV
92 (Turner, 1966) €B,s,m 5 to 200 eV

The ion temperature range for the group of rate coefficients sum-
marized in Ref. 90 is 400°<T}<2000°K, but each individual reaction

was studied only over part o

this range.

See footncte to Table 4-1i,

Table 4-1k. Studies of the cross section for 0f + NO > 0 + NOY.
Reference Technique Ton Energies Remarks

‘ [T=280°K] Upper 1imit for
93 (McFarland, 1974) FOT ,m - rate coefficient

0. 22<€ <4 ev]

m

48 (Tiernan) B ~0.3 eV |ATso 0% (%D)+NO
68 (Neynaber, 1974) CB,s,m 1.5 to 500 eV |Also 0+(ZD)+N0




factor of 3 or more. Being unable to resolve this discrepancy we give an
intermediate cross section for 0+(4S) + 02 at these energies and indicate
the decreased accuracy by a dotted line in Figure 4-8. Above 30 keV we
have averaged the charge-exchange cross scctions of Reference 73 for

+

0 + N2 and 0 + 02 (reaction 4-10).

0' + N+0 + N and NO* + N - NO + N+: Our literature search

reveals no measurement of the cross section for either of these rcactions.
For ground-state reactants the endothermicities are 0.92 and 5.27 eV,

respectively, giving threshold speeds of 4.9 x 105 and 1.0 x 106 cm/sec.

+ ) . .
NO + 0~ NO frof; For ground-state reactants this reaction

has an endothermicity of 4.35 eV, giving it a threshold speed of 9.0 & 10S
em/sec,  ‘The only known measurement of the cross section (Reference 88) is
probably strongly affected by the presence of excited states in the beams.
OQur rough cstimate is that, for spceeds above the threshold, the cross
section cquals that discussed above for 07+ + 0. ‘The measurcments of

Reference 88, which include both these cross sections for ion energies

from 70 to 6000 eV, are consistent with our estimate within experimental

uncertainty.
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= : Notes to Figures 4-1 to 4-8: ‘lhe 51X cross sections tor symmetric charge

- - exchange (Figures 4-1 to 4-4) and the eleven tor asymmetric charge exchange ,
(Figures 4-5 to 4-8) are described above in Section 4. These charge-

exchange cross scctions are recommended values bascd on a literature search,

and they lean heavily on cexperimental rather than theorctical cross scctions,

They arc plotted in the tfomm of effective momentum-transfer cross sections,

2 qQ*(v) or qT(v) (Eq. 2-43 or B-31). The cross sections are intended to

refer to ground-state rcactants within the stated accuracy; comments about

the states of the rveactants in the experiments have been included above.

For symmetric charge exchange the recommended cross sections are also tabu-

2 lated in Table 4-2.

Alsc shown on Figures 4-1 to 4-8 are momentum-transter cross
sections for elastic scattering qn(v). For center-of-mass encrgies below
20 ¢V these arc calculated from Eq. 3-15 and Table 3-2 or are described in
- Section 3.3b, For high encrgics up to v ~ 108 cm/sec the cross sections
are described in Section 3.3¢.  In Figures 4-5 to 4-7 we have interpolated
a dotted line to join the low and high energy portions of qD(v). At the
highest cnergics qD(v) is extrapolated by a straight dotted line,

qy(v) = v

The nomentum-transfer ¢ross sections for inelastic scattering

qi“cl(v) are calculated from Lq., C-8 and Table C-1. Symbols are defined

in the Glossary in Appendix A.

The weight of a line is an indication of accuiacy. A solid line

indicates an accuracy within #30 percent, a dashed line has an accuracy
of Toughly a factor of two, and a dotted line is for ordev-of-magnitude
accuracy, There are two kinds of dashed lines having the same meaning;
both have dashes three times us long as the intervening spaces.  Similarly

the dotted lines and very short dashes, which arc only as long as the
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Table 4-2. Total cross sections for symmetric charge exchange

of atmospheric species.
estimates based on a revi

:

The values are best
ew of the literature,d

Relative Charge-exchange cross section oy (10~16 ¢m2)
speed v, =
cm/sec net + He TR of + 0 Np'™ + Np 0 + 0o Nt + NO
2(5) 57 43
2.5(5) 55 A 45 35 24.5
5(5) 47.9% 36 39 28.5 16.7
7(5) 27 44 33 37 26 18
1(6) 24 40 30.5 34.5 23.5 16
2(6) 20.8 33 26 31 19 13.3
3(6) 18.3 29 23.5 28.5 17 2.3
6(6) 16 24 20 25.5 14.5 10.6
1(7) 12,5 20.5 17.5 23.2 14 9.6
2(7) 10 16 14.4 20.5 14 9.4
5(7) 6.8 1.5 10.8 16 13.3
1(8) 4.7 8.9 8.0 12.5 12,6
1.5(8) 3.2 6.4 6.3
2(8) 2.15 4.5 4.8
3(8) .93 1.78 2.6%
4(8) 0.39 o.n 1.3%
5(8) 0.17 0.31 0.7
6(8) 0.080
3(8) 0.017
a .
2(5) means 2 x 10° cw/sec.  The number of digits given is not a

measuye of accuracy; see

text and Figures A-1 to 4-4,
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intervvening spaces, have the same weaning. For experimental chavpe- :

exchange cross secetions, a solid line indicates that the cross section is

supported by adequate experimental datad o dashed tine indicates that the
cross scction is supporied by uncertain or conflicting neasurements; and

a dotted line indicates that the cross section is unsupported by data,

The scale above cach tigure gives the ion cnergy of one species
of ion when the neutrals are at rest. Note that Fipures 4-4 to 4-8 involve
morce than one species of jon, and the energy scale applies to only one of

these species.,
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SECTION 5

COEFFICIENTS FOR COLLISIONAL MOMENTUM AND HEAT TRANSFER
FOR TWO-FLUID NUCLEAR-BURST SIMULATIONS

5.1  COUPLING AND HEAT-TRANSFER COEFFICIENTS

Scctions 3 and 4 give cross sections as a function of the relative
speed of the pair of particles. We now intcgrate these over a distribution
of speeds to obtaip averaged quantities, the momentum-coupling coefficient
and heat-transfer coefficient, as a function of the temperatures and macro-
scopic velocitics of the two gases. Thesce arce found by using lgs. 2-33
and 2-34 to integrate the momentum-transfer cross sections. We have already
done these integrals analytically for two cases: in Section 3.2 for clectron-
ion elastic scattering and in Section 3.3a for ion-neutral eclastic scatter-
ing by the polarization force alone. We now integrate numerically for the
cases of electron-neutral scattering, ion-neutral clastic scattering, and

syimetric charge exchange.

The specific cross sections treated are as follows: The coeffi-
cients s: and hi due to symmetric charge exchange (such as N' o« N
N+ N*) ire based on the cross sections in Figures 4-1 to 4-4 (or Table 4-2).
{Asymmetric charge exchange, such as N+ + 0 = U+ + N in Figure 4-5, is
omitted here; this should be trcated as a chemical reaction, as in
Appenaix B.) The coefficients Sjk and hik
of ions and neutrals are bascd on the cross sections in Figures 4-1

for elastic scattering

to 4-8. For pairs for which only the polarization-force cross scction

is shown, the coetficients Sjk and hik arc taken from Table 3-3, while

for the other five pairs (in Figures 4-5 to 4-7) they are found by numevical



integration. The coefficients Sjc and h.e for electron-neutral scatter-
ing are based on the cross sections of Section 3.1, The coefficients Ske ;
and hke for electron-ion elastic scattering are given by Eqs. 3-7 to 3-9 .

and 3-5 with ln(Z/Om) = 12. Since the electron-ion coupling coefficient :
of Eq. 3-7 is essentially independent of ion mass, it equals the combined

coupling coefficient Sie of Eq. 2-50.

These coupling coefficients and heat-transfer coefficients are
found by integrating Eqs. 2-33 and 2-34 analytically or numerically. The
numerical integrations used Simpson's rule with a step size of AE = 0.05
over the interval 0 < § < (V/U+4); the resulting integrals axre accurate to
three digits or more. If a cross section is known only over a rvange
Vg < v < vy we calculate the coupling and heat-transfer cocfficients only :

for temperatures such that

kT kT
12 1 2 1.2 .
7V < m * m, <3V ' (5-1)

The coupling cocfficients are first calculated for zero relative gas

velocity (Vi—vz = () as a function of the weighted mean temperature
(msz1+mlkT2)/(ml+m2) (Eq. 2-21) from 0.01 to S00 cV, Figure 5-1 shows the
resulting ion-neutral and electron-ion coupling coefficients. The ex-
tension of these results to small nonzero relative gas velocity is discussed
later in this subsection. Because of crowding Figure 5-1 docs not show the
(constant) coupling coefficients for o'+ 0, N' . NO, or o'+ NO; thesce

are given in Table 3-3.

The accuracy of a coupling coefficient is indicated roughly by the

weight of the line. 'The solid (most accurate), dashed and dotted portions
of the cross-section curves (Figures 4-1 to 4-8) have been repeated in
Figure 5-1. The remarks about the three weipghts of curves made in Section

4 apply here.
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Figure 5-2 shows the clectron-neutral coupling cocfficicents and
an oxtension from Figure 5-1 of the clectron-ion coefficient, which is
independent of ion mass.  Figures 5-3 and 5.4 show the heat-transfer coeffi-
cients for zero gas velocities. These are retated to the coupling cocefti-
cients of Figures 5-1 and 5-2 by Eq. 2-34bh.  Becausc of crowding Figure 5-3
does not show the heat-transfer coefficient for 0" + N, which is vlightly
greater than that for Nt + 0 (sec Fipure 5-1 or Table 3-3), or that

N + . . . R -
for NO + 0, which is given in Table 3-3.

We have also computed all these coefficients for nonzero gas
velocities, ivl-vz| >0. Presenting the results is siwplified by using a new
independent variable. We let v2 denote the mean square relative speed of
pairs of particles of species 1 and 2; the new independent variable T s
then [mlmg/(m1+m2)lv“/3, which is 2/3 of the mean kinetic energy of pairs

of particles in their center-of-mass trames:

m m m,m
- 2 . 1 . 1 12 e 22
E oot K e ol ¥ DR e eee ol A UNER Y . (5-2)
(m1+m2) 1 (mi+m2) 2 3 (m1+m2) 1 2'

We call Tt the “collision temperature’ for collisions between species |
and 2; when Vl = Vé it is simply the weighred mean temperature k1h

(Bq. 2-21). lor cloctron-neutral and clectron-ion collisions the nentral
and ion temperatures are usually swall campared to (m2/mc)Tc’ s0 lig. 5-2

reduces to

2
- . (5-3)
C

e

, 1 -» -»
T=kKI +=mn |V -V,
> g ¢ e

-
where Voo is either the velocity ot the noutrals or that of the ions.

Using T as one of the independen® variables, one finds that
the coupling ceeffiicients and heat - transter coetfficients are nearly inde-
R A
pendent ot I\luvﬁl when

KT KT
Vort e by 2 5 -
ViV w Y m, ’ (5-4)

1

which is usually satistied in late-time two-fluid simulations.

2.
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To indicate this we have labeled the abscissas of Figures 5-1 to 5-4 as .
For relative speeds satisfying inequality 5-4 the calculated coupling and
heat-transfer coefficients are always within #15 percent of the values
given in Figures 5-1 to 5-4. Larger relative speeds make substantial
changes in these coefficients, however, so these Figures and Table 5-1

should be used only for speeds that satistv inequality 5-4.

Table t-1 gives empirical fits to the momentum-coupling coefficients
of Figures 5-1 and 5-2. Since these are valid only for low relative gas
velocity, heat-transfer coefficients canbe calculated from them by the

relation h = 35/(m1+m2) (Eq. 2-34D).

5.2 HOW TO USE THE CCUPLING AWD HEAT-TRANSFER
COEFFICIENTS IN TWO-FLUID SIMULATIGNS

We have presented a method of treating the momentum and energy
transfers Jdue to clastic scattering and symmetric charge exchange 11 ion-
neutral, eclectron-neutral, and clectron-ion encounters. We give a brief

summary for the reader who is primarily interested in results.

The neutrals are composed of several species (j=1,2,...) having

. . 0 .

particle masscs mj, number densities "j’ and total number density
PO e . 3

n o= Ljnl. Ihe neutrals are characterized by a mean velocity \‘ and a
1

single t

~

wperotire 'l‘]; we consider the pacis sle velocity distribution
1

of cach neitral speci to be Maxaeil-Bolt=mann in the framc moving at
the mean velosity \7”. .ae ions are composed of singly charged species
Tk=1,2,...) having, nﬁmbcr densities n; and total number density ni =
Ekn;. The v and electron veiosity disrributions are similarly character-
i.el by R \ and ‘I'e. The cicctran namber density is given by
O T the mean clectron velovity con - elinuatad by Fg. 24406,

c B ;:A - \.':;’L‘i'u . (5'5)




T M BT R S S vy

Table 5-1a. Parameters of the coupling coefficients due to electron-
neutral scattering sje and elastic electron-ion scattering
Sje as given by s =BtP. The coljision temperature T
(kq. 5-3) is inevand s is in gm-cm3/sec.

Sje = Brb
Pair of B b Range of T,
species in eV
e + He 5.90(-35)% | +0.564 0.01<7<0.8
5.52(-35) +0.267 0.8<t<4
8.0(-35) 0. 8<t<10
e+ N 3.09(-35) | +1.258 0.3<1<2
5.24(-35) | +0.498 2<1<10
e+ 0 5.0(-35) +0.530 0.03<t<1
5.0(-35) +0.748 1<1<10
e+ N, 1.43(-38) | +0.846 0.01<t<0.8
1.30(-34) | +0.436 0.8<1<24
5.2(-34) 0. 24<7<100
e+ 0, 8.30(-35) | +0.903 0.01<1<0.3
5.42(-35) | +0.549 0.3<c<18
1.27(-38) | +0.255 18<1<100
e + NO 5.0(-36) 0. 0.01<7<0.03
7.27(-34) | +1.420 0.03<<0.2
8.72(-35) | +0.102 0.2<r<1.7
6.70(-35) | +0.597 1.7<1<13
1.79(-38) | +0.214 13<1<100
e + ion 3.18(-32)¢ | -1.5 Note d

3 5,90 (-35) means 5.90 x 1073°.
d 107 ne]/3< 1 <30 eV, where Ng is in e]ectrons/cm3. The lower

1imit is from Debye theory, as mentioned in Section 3.3b.

We used £n(2/0p) = 12 in Eqs. 3-5 and 3-7. This factor is tabulated

in Reference 8, Table 5.1 {called ¢uA) and plotted in Reference 7,
Figure 8-6.
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) Table 5-1b. Parameters of the coupling coefficients due to ion-neutral
elastic scattering Sik and to sywnetric charge exchqnge
sk as given by sy = Btb and sf = B*tC. The collision .
tempegature v (Eq.”5-2) is 1in eV and Sjk and sp are in N
am-cm>/ sec. :

b * * C
Pair of Sjk = bt Range of T, S B Range of 1,
species in eV in eV
& b B c
He' + e 2.75(-33) | 0. 0.0151-500 | 2.94(-32) | 0.600 | 0.02<1<0.3
2.18(-32) | 0.351 | 0.3vc~500
N e N 1.21(-32) | 0. 0.0V : 500 | 7.6(-32) | 0.358 | 0.02<1%500
0" +0 1.07(-32) | o. 0.011<500 | 6.3(-32) | 0.381 | 0.02-1<500
Nz+ + i, 2.13(-32) | 0. 0.C1<1<500 | 1.38(-31) | 0.618 | 0.02:1<0.2
9.90(-32) | 0.412 | 0.2<¢<500
0,% + 0, 2.17(-32) | 0. 0.01<c<500 | 1.24(-31) | 0.697 | 0.02<1<0.2
7.42(-32) | 0.397 | 0.2¢<500 =
no* + no 2.17(-32) | 0. 0.01<¢-500 | §.1(-32) | 0.381 | 0.02- 1500 b
N 40 1.1(-32) 0. 0.01-1-70 X
3.80{-32) | -0.292 |70 500
0* +N 1.25(-32) | o. 0.01<1<40
3.49(-32) | -0.278 |A40<1<500
N+ N, 2.15(-32) | +0.040 |0.01-1<70
' 7.60(-32) | -0.257 | 70-1-500
N+ 0, 1.70(-32) | o. 0. 01<1<500
0"+, 1.82(-32) | o0. 0.01- (<500
o' +0 2.16(-3¢) | +0.035 |0.01-- 200
1.37¢-31) | -¢.314 | 200 500
0, +0 6.62(-33) | -0.118 |0.01-1-0.2
1.15(-32) | +0.227  |0.2¢<1-30 4
2.5(-32) | o 30- 1+ 500 i
N 4N 1.40{-32) | o. 0.0141500 :
NO* + N 1.41(-32) | 0. 0.01- r<500 %
NOT 4 0 1.22(-32) | o©. 0.01- 1-500 ' Z
¢ NOt ¢+ N, 2.17(-32) 1 0. 0.01<: =500
Not 4 0, 2.14(-32) | 0. 0.01- - 500
YA 1.73(-32) | 0, 0.01- :-500
0" +io L 1.81(-32) | 0. 0.01-1- 500 ]
#3
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Section 2.3 gives the two-fluid momentum and energy balance equa-
tions in a form that includes elastic scattering and symmetric charge
exchange (such as NY + N> N+ N+). We repcat these relations here and
then suwmmarize how to calculate the nine coefficients for collisional

momentum and heat transfer (Eqs. 5-12 to 5-19). Other symbols are de-

- fined in the Glossary in Appendix A. The momentum balance equations for

the neutral fluid, for the ion-electron plasma, and for the eclectrons
(Eqs. 2-51 to 2-53) are

(p ) > b T
in . ! = - D - - -
—g v (Dn\nvn) Vl + 0 g n“nlsn](v V )- nn"esne(vn Vo), (5-6)
3(0.-\7. > > > >
__a; 1.+ 7. (pivivi) = - V(pi+pe) +Jx B« (pi+pe)g
+ s (W V)« V-V 5-7
nrShi VoY) DS e (VyVe) ’ (5-7)
N
0= - vp (F . V"XB\’ +op V-V V.-V
I - . ) + - -
e - M\ ¢ ch nnnesne( ) ny eb1e( i Ve) - (5-8)

The internal cnergy balance equations for the neutral -luid, for the ions

and for the electrons (Eq. 2-55 to 2-57) are

v - 2

ap 1)
,_M_,V.(QIV)=_pv.v+nnsd(n) ni

at nnn n n n i nini

(n) |z 2 S
+ nn"ebncdne V -V ‘ + nnnxhn1k(l -T ) + nnnchnck(1e-ln) , (5-9)

a(p.1.) .
i NS S V.)= - P gV MY Y (2
at +V (pilivi) }iv Vi * nnnlbnl(l dni ) Vn vi}
+nnsl(”vv‘2- nh K(P,<T ) - nin b K(T,-T 5-10
icic LI nnehy K (T, - )+ (5-10)
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3(§ n kT ) }
—-2——(-'—L+V°(§‘nk1‘V)=—l’V'\7
e ¢ ¢ (3]

ot 2 ¢
L) e e |2 ( O A :
+ "n"esne(l dnc Vn Ve tnncs . 1 die ) Vi Ve
- T <% . . .=-T . {5-
"nnehnek(l“ Wt "1"eh1ek(T1 1e) (5-11)

These six balance relations should include additional terms to
account for chemical reactions. (Asymmetric charge exchange, such as re-
actions 4-7 to 4-20, is classed in this work as a chemical reaction. See
Appendix B and Figs. 4-5 to 4-8.) Eq. 5-11 should also include an addi-
tional term to account bhoth for the heat transfer resulting from vibrational
excitation and de-excitation of N, by electron impact and for the clectron
cnergy loss vesulting from clectronic excitation and ionization of ncutrals

and ions by clectron impact,

The coupling and heat-transfer coefficients depend on the fluid
composition. The first one, i is calculated from [L4. 2-48 as the
weighted sum of the coupling coefficients Sjk for elastic scattering
of pairs of species consisting of a neutral speciecs j and un ion species
k (N+ + N, NT o+ 0 N4 N,, etc.) plus a sum of the coupling coefficients
sﬁ due to symmetric chargé exchange of ions with their parent atoms or

+ + : .
molecules (N + N, NO + NO, ctc.); the relation is

- O + . — Q + *
"nnisni z 2% %: nj n Sjk + %: nk “k bk , (5-12)

K
is the number density of ion species k. The coupling coefficients

. . . . . +
where n? is the nunber density of ncutral species 3 and n

o

Pos

and sﬁ for individual pairs of species can be found from Table 5-1b as
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a function of the collision temperaturc T (Eq. 5-2) for that pair.
Table 5-1b applies when the ion-neutral relative speed 'Vn-vil satisfies
irequality 5-4.

The ion-neutral heat-transfer coefficient hni should be summed

at the same time; it is given by Bq. 2-59,

3S'k ~ o+ SSE
"nnlhnl = E:E: J k (m my m, ) %é "M 2mk ' (5-13)
For the fractional coupling coefficient dé?) one may use the approximate

Eq. 2-66 rather than sum with the definition, Eq. 2-53a; these relations

are

m

n) _ ~ o+ K . - o+ 1
"nnisnxdnl - EH 2; “j“k (m.+m ) 5jk * 2" MM 7 Sk
J ok J Tk X
* 0.4 nns . . (5-14)

ninlt

The electron-neutral coupling coefficient S e is calculated

from Eq. 2-49 as a sum over all neutral species:

~ o
nns = n n, s. . 5-15
n e ne e E; i Tie (5-15)
J «
The individual coefficients si0 are found from Table 5-la as a function

of the electron-necutral collision tomperature T, which is given by Eq.5-3.

The clectron-neutral heat-transfer cocfficient hne is given by Eq. 2-60,

- o
= . 3s. R
nnh n, 2, 1\l \JC/HU . (5-16)

ne ne -

]
which can be approximated by Ey. 2-62. The cocfficient dﬁz) is detined
by Eq. 2-54, but one can usually approximatce by using the mass of the N,

molecule (Eq. 2~63); thesc relations are
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i

(n) 0 Q
nns d . n n, -——— §,
n e ne ne ¢ 2; Jj ("'-i”“o) je

»

-5

2.0 010 (5-17)

Me®ne
The clectron-ion coupling coefticient Sie’ which is independent
of the composition cf the ion fluid, is given by the bottom linc of Table
5-la or by lgqs. 3-7, 3-5, and 3-9. Tt is a function of the clecctron-ion
collision temperature T, which is given by Bq. 5-3. The heat-transfer
coeftficient hie is given by Eq. 2-61 and normally can be approximated

by using the wmass of the 0" ion (Eq. 2-64); these relations ave

1

. -~ +
nh, = 3n s, n, /i
i eie e’ie %: k"MK

i

3n,n s, " . 5-18
°“1"o lc/m(o ) (5-18)
The coefficient dii) involves the same sum and is given by

NE

n.ns, d. =nhms. Y, n+/m
icie ie ceie ‘f k' Tk

~3.4x 1077 n.n s, . (5-19)
1 ¢ 1¢

Our coupling coefficients may be more familiar if they arve in-
terpreted as collision frequencics and related to the electrical resistivity,
The average momentun-1loss collision freoquency for electron-ion cellisions is

v. =2 s, , (5-20)

and that for collisions of clectrons with neutrals of species j is
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nj
Vei Tw, Sje (5-21) :

These quantities are related to the electrical resistivity n (in cm2/sec) by .

Q¢
n =5 ("ei : }.:vei)
e J
_ ¢ . 1 ~ 0.
= =5 (bie + - 3 nibj(‘-) . (5-22)

The electron momentum balance equation (Eq. 2-53 or 5-8) can be
cxpressed in terms of the resistivity by using Eqs. 5-22, 5-5, and 2-49,
If one can neglect the magnetic field, the clectron pressurc gradient,
gravity, and the lon-ncutral slip velocity V"~\71, the resulting relation

-> -»
reduces to a torm of Ohm's law, E= NJ/c. More generally, the resulting

o >
relation can be substituted into Faraday's law, JdB/ot= - cVUxE, to give
> > oVp
3 . A > cJxB e ¢ >
£ - R - - o - s -V, ) -2
at vox [\ix nJ en, * en, e nnbne(vn \1)] (5-23)

MHD simulations usually ignore the last three terms, although the validity of

this approximation is uncertain.

Simplified forms of the momentum-coupling coefficients, heat-
transfer coefficicnts, and electrical resistivity n are useful. For the
temperature ranges and species mixtures encountered after the first second
of a nuclear bursts, the following forms are within a factor of two of re-

sults found by using Eqs. 5-12 to 5-22 with Table 5-1 or Figs, 5-1 to 5-4:

=32, + 4+ +
nn.s . = 1.2¢10 "°([N+Q} + 1.6 [N +02+N0]}[N +0"+NO " ]

-
~ 0

e 48x1073 2 e ) 0T 2NN 4 (0] [07) + 0.8 IN0) [RO71)

(5-24) * + =

g8




nnh o= 7.0x 10 % . v 27, x 10510(Kr *kT.)0'°7S
nioni noi n i
x {1.36|[N]IN"] + [0][07] + 0.45{NOJ{NO*]} , (5-25) « « =
. e ) 35, .. ,0.064 -
neS, = 7.4 % 10 (klc) Ny Ne (5-20) « » =
B -12,, .. ,0.64
nnnehne = 0.0 x 10 (klc) nn (5-27) % = »
nen s, = 3.18 x 10737t )" P (5-28) » » »
ic’ie ' e e’ -

. <9 ... .-1.5
ni“chio = 3.0 x 10 (klc) nn.,
1.24 % 108

e 4105
(kle)

0.04

)
9 8 x S % N
+ 2,89 % 10 (klo) ll“/l\e (5-30) » * =

D
where kT, k7., and kKT are in oV, n is in cm™/scc, and the other
1 4 oS
quantitics are in egs units.,  In Egs. 5-28 to 5-30 we used £n(2/0") = 123
(]
the weak dependence of this factor on n, and T, is given in Reference 8

Table 5.1 (where .CMA=Rn(2/Om)) or in Reference 7, Figure 8-6.

Using the simplified form ot the momentum-- mpling coefficienis,
the ion-ncutral collision frequency Vin’ the electron-ncutral collision

frequencey Yon'! and the clectron-ion collision trequency Vo are given by

-32 + + +.
= 3 = 2> e !.(l N 0 N N .
Vin n"ni.\ni/pi 12310 "{N+0) + [ 50, O] I[N +0"1NO ]/p‘
e | N7
« 1.8x10 ’“(an+ij)”"’“{1.2|N|[N‘J + [0}{07] + 0.34|N0|[N0+|}/pi,
v _=nns_ /p = 8. 1x107" (kT )O'GJn ,
cn n ¢ ne ¢ ¢ n
Vo= onns. /o= 5.5%107° (K0 (5-31)
el L eie e ¢ i’

wheroe an, kTi, und kTo are in ¢V and the other quantitics arve in cps units,
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APPENDIX A
GLOSSARY OF SYMBOLS

Bohr radius, 0.5292 = 108 cn,

Constant in electron-ion (Coulomb) scattering cross secticn,
8.06 x 1017 tu(2/0 ) en’/sec? (kq. 3-5).

Magnetic field strength {gauss).

10

Speed of Tight, 2.998 = 10~ cm/sec.

?. fraction of the ion-

neutral frictional heating thap goes into internal energy
of neutrals, Eq. 2-53; dggz d&é! fractional coupling coeffi-
cients for electron-neutral and electron-ion collisions,

Eq. 2-58.

Fractional coupling coefficient: dn

Proton charge, 4.803 x 10710 statcoul.
Base of natural logarithms.
Electric field strength (statvolt/cm).

Maxwell-Boltzmann velocity distribution function, Eq. 2-1;
%](J]), abbreviated form defined by Eq. 2-16; ?2(3), distri-
bution of relative velocities of pairs of particles of
different species, Eq. 2-17 (sec3/cm6).

Dimencionless momentum-transfer cross section for elastic
atom-atom scattering, qD/xz (Eq. 3-25).

2).

Acceleration due to gravity (~980 cm/sec

A-1




1, !

il

e Ll

h Planck's constant, 6.626 ~ 10'27 erg-sec,

s h(Tm,V) Rate coefficient fur heat transfer due to scattering, £q. 2-30
{see also Lq. 2-40), hjk‘ heat-transfer coefficient for elastic
scattering of neutrals of species j and ions of species k;
hje’ ko (or hie in Section 3.2), heat-transfer coefficient for
scattering of electrons and neutrals of species Jj or jons of
species k; hje’ hke’ heat-transfer coefficient for scatter-

h

ing of electrons and neutrals of species Jj or ions of
species k; h;, heat-transfer coefficient due to symmetric
charge exchange of ions of species k with their parent
ni* Mne> Mie
heat~transfer coeftficient for ion-neutral, electron-neutral,
or electron-ion collisions, Section 2.3b (cm3/sec).

atoms or wmolecules, Section 2.2b; h . combined

o A LA I

o i Specific internal energy of a gas, Section 2.%a. This is =
taken to include the transltational kinetic energy of particle

motion in the frame moving with the mean velocity V] plus
the energy of rotational excitation of molecules. Vibrational
energy and ionization energy are excluded. (erg/gm)

J Index of neutral species.

Current density (abamp/cm™).

4

k Boltzmann constant, 1,381 ~ 10716 erg/°K or 1.602 x y071¢ erg/eV.
k Index of ion species,
k(T V) Reaction rate coefficient: kq. rate coefficient for scatter-

ing collisions, Eq. ¢-28, used only for inelastic collisions;

kx‘ rate coefficient for asymmetric charge exchange, tq. B-8
(see also Eq. B-14) (cm3/sec).

KO(T) Mobility of ions in a weak electric field, vreduced to standard
density (cmz/statvolt-sec). -

§ lx(Tm,V) Rate coefficient for specific internal energy change of a

reactant due to asymmetric charge exchange, Eq. B-10 (see

also Eq. B-20) (cm-sec).

A-2
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Px

q(

(T

’
m

v)

T .V

m’

)

V)

Particle mass; M, s electron mass; "5' mass of a molecule of

neutral species j; Mo or m., mass of an ion of species
k (gm).

Number density of particles; Nas Myr Ny number density of

electrons, ions, or neutral molecules;: n(XQ) or n;, number
) . + .
density of neutral species j; n(Xk) or nt, number density

of ions of species k (cm'3).

Rate coefficient for velocity change of a reactant due to
asymmetric charge exchange, Eq. B-9 (see also Eq. B-19)
(cm-sec),

Fluid pressure; P,, P, Pn’ pressure of electrons, ions, or

1’

rO

).

Momentum-transfer cross section of a pair of particles,

neutrals (dyne/cm

£q. 2-2%; qD(v), momentum-trans fer cyross section for elastic
scattering; qine](v)’ momentum-transfer cross section for
inelastic scatiering, Eq. C-3; q*(v), effective momentum-
transfer cross section due to symnetric charge exchange,

2 ox(v) (Eq. 2-43); qT(v]), effective momentum-transfer cross
section due to’asymmetric charge exchange, ((m]+m2)/m1) ox(v1)
(Eq. B-31) (cmz).

Separation of two particles; r , separation at which their

potential energy is a minimum Tcm).

Coupling coefficient due to scattering, Eq. 2-29 (see also

Eq. 2-36); Sjk' coupling coefficient for elastic scattering

of neutrals of species j and ions of species K; Sje’ £
coupling coefficiert for scattering of electrons and neutrals :
of species j; Ske? coupling coefficient for elastic scattering
of electrons and ions of species k; s:, coupling coefficient

due to symmetric charge exchange of ions of species k with
their parent atoms or molecules, Section 2.2b; Shi® Sne’ Sie’
combined coupling coefficient for ion-neutral, electron-neutral,

or electron-ion collisions, Lgs., 2-48 to 2-50 (gm-cmglseC).

A-3
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S(v‘) Stopping cross section, —nz"dt]/dx (Lq. C-1); Sinel(vl)’
stopping cross section due to inelastic scattering from

atomic electrons (erg—cmz/gggm).
t Time (sec).

T Temperature: T, T T

neutrals (°K or eV),

» temperature of electrons, ions, or

Tm Tenperature characterizing the distribution of relative
velocities of pairs of particles, (m‘T2 + szl)/(m1+m2)

(Eq. 2-21); Tjk' temperaturc chavacterizing the distribution

of relative velocities of pairs consisting of a neutral atom

or molecule of species Jj and and ion ¢f species k {“K or eV).

]/2, character-

U Thermal speed parameter, (2kT‘/m] + ZkTg/mz)
izing the distribution of velative velocities of pairs of

particles (Eq. 2-32) (cm/sec).

<3

Initial relative velocity of two particies, 'v'|-'v'? (Eq. 2-6);
v', final relative velocity of two particles; v, typical
relative speed, f[q. 3-4 (cm/sec).

Vi Initial velocity of first particle in the laboratory frame;

>

vy, final velocity of first particle (c¢m/sec).

‘l’
v Velocity of center of mass of two particles (cm/sec).
v Relative macroscopic velocity of two gases, V,-Vz {Eq. 2-20)

(em/sec).

Macroscopic velocity of first gas in the laboratory frame;

> 13 e . . R

Ve’ Vi’ V", macroscopic velocity of electrons, ions, or
neutrals (cm/sec). *

W Dimensionless kinetic energy of a pair of particles in their ;

center-of-mass frame, Lq. 3-24.

)4 Atomic number.




ol

i Mgle-averaged dipole polarizability (cm3).
¥ Dimensionless parameter measuring the relative strength of
- the r-0 and r~? potential energies, Eq. 3-18.
ax) Dirac delta function.
30‘ Change in velocity of first particle during a collision,
vy eV (em/sec),
f\px
=T Rate of change of mass densily due to asymmetric charge
cxchange, tq. B-2 (gm/cm3-sec).
éﬂpl) Rate of change of internal energy density due to scattering
or symmetric charge exchange, tq. 2-38: A(ol)x/At, rate due
L to asymmetyric charge exchange (erq/cm3~sec).
N 2\
Hge v e of - -
T Rate of change of total energy density due to scattering or ;j
symnmetvic charge exchange, Lq. 2-3; A(; P vz)ylAt, rate due i

to asymmetric charge exchange, Eq. B-4 (erg/cm3—sec).

Rate of change of momentum density due to scattering or
symmetric charge exchange, Eq. 2-2; A(uV)x/At. rate due to

asynmetric charge exchange, Eq. B-3 (dyne/cm3).

G Loss (or gain, if ¢x<0) of kinetic energy by a pair of
particles in a collision; Lo loss of kinetic enevgy in a

collision in which the final states of the particles arve

specified by ¢ (erg)

€ Depth of potential energy well of a pair of narticles
(erg or eV) (used in Section 3.3b).

. Scaling factor for energy, Eq. 3-23 (erg or kev).

n Electrical resistivity, (c 2/6%) N nis. Ca. % 22): j

Sie™Me AR} J"
N resistivity transverse to a strong maghetic fie’d,
Y

(0/3)(2wm()]/‘ “L ln(z/\ )/(kT)3/2 (cmzlsec. emu) . z

A=Y
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v Jenithal scaltering angle in the center-of-mass frawe,
defined by diagram in Section 2.1b; . minimum scattering
angle, tq. 3-2.

.

Scaling tactor for Vength, Lg. 3-22 {cm).
Debye shielding distance, (kTG/ﬁweznv)]/z {cm)

¥ Reduced mass of a pair of particles, mimz/(m"m,)
(Cq. 2-4) (gm).

113401 B0 ks s e
-
L)

5 Vo Average momentum-luss collision frequency for electron-ion

collisions, Lq, 5-5; « P averane mumentun-1oss collision

0
frequency for collisions of ¢lectrons wrih neutvals of

species j, Lq. 5-6 (Sec']).

TN R T T

o : Dimensionless relative velocity of two particles, Ig. 2-31.

2

o Mass density, , , mass Jdensity of electrons, ions,

Ve

.
3t
or neutrals (gm/em”).

‘@

afv) Total cross section; ut(v), total scattering cross section,
fq. 2-72, used only for inelastic collisions; ox(v), total

. . 2
cross section for charge exchange (cem®)

do

(ﬁ\(v.u) Differential scattering ¢ross section in the center-of-mass
frame (Reference 1) (cme/stcrad).

( Collision temperature for collisions between two species,
Eqs. 5-2 and 5-3 (erg or ev).

o Azimuthal scatlering angle in the center-of-mass trame,
measuved avound the v axis.

P{r) Potential energy of a pair of particles (evg).

5 ¥ Solid angle (sterad).
A-b




APPCRDIX B

MOMENTUM AND ENERGY TRANSFER BY
CHARGL-EXCHANGE REACTIONS

(a) Statement of the Problem

Asyimetric charge-exchange reactions requirve a more general treat-
R 1

ment than that given in Section 2.2(b) Por syvametric ones,  We cansider

redctions of the form

" (B-1)
we will sometimes veter (o the species by the numbers given underncath them,
The quantity o again denotes the toss tor pain) of Kinetic cncrpy of the
pair of particles, which for endothermic reactions cquals the jonization
energy ot species B less that of A (if A" and BT are inotheir ground

. C o . b2
states). We assuwe that this is negligible, that is, o] <¢ = e,

We turther assume that charge oxchange results only in forward
scattering (v <= 1); this approximation is good at energies above 0.1 eV,
While it would be easy cnough to account ror pon-forward scattering, we

have found ne theoretical or experimental studies of the difrerential

cross section for charge exchange at encrgios below 0,1 eV,

The total cross section for chavge oxchunge is denoted by *\(\')

(analoyous to \"t“)' Eg. 2-22)0 The rates of change due to charge exchange

of the donsities of mass, mowmentum, and total cnergy of species A arve =§

i
< .

ST - jl!\‘ fl l:\.r’l ) l": (-\‘:.‘.)\wsx(\:) da\'ld‘)vj .
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AP V)
____l..l..ff - - T PR § 3 3
AT _/;HV1£1(Vl)tZ(VZ)Vox(V)d Vld Vy s (B-3)
= PV
‘21l x o L 2: v 3, &
- e -/-2 mv, fl(\l)fz(vz)vox(v)d vidv, . (B-4)

For the product species A the corresponding rates are

AOSx . Aplx B-5)
T R , (B-5
ApV.)
P.
33 -, - + 3 3 .
i vl:nlvl fl(vl)fz(vz)vox(v)d vdv, (B-6)

/X 1 2 2 > a3, 43 7
I = my VT f (), (v,)va, (vidv oy, (B-7)

1 2
A(é’ P3V3 )x _fl

Tt

{b) Evaluation of Integrals

The procedure for evaluating these integrals is similar to that

described in more detail in Section 2.1(c). We change integration

. > > -r > . 3 . .
variables from Vis V2 to Vis V and integrate over d vy in Eqs. B-2
to B-4. The integrals over d’v are then expressed in terms of the 3]
following three rate coefficients. The rate coefficient for the charge é'
exchange reaction is defined analogously to Eq. 2-28: i%
A
k (1, =L 2 @0 v)vady (B-8)
X m’ n, "2 X )
We also define two related coefticients by ;
T 11.% V)0 v-vyd (B-9
o e ] - J -
px( m’ ) k(m T.+m.T ) n Z(V) X(V)V(V ) v, \ )
12772717 72 .
B-2




2
m, “m

(T V) = 1.2 S
TR e e S R E RN Y

m 2 o .
2k (mllzmzll) n,

3Kk(n, T, +m, T, )
e - 2t s, 5 10

m 1 n 2

L 3 . . .
Note that kx is in om”/sec, while Py and 2‘ are in cn-sec. We will
show that Py and L, can be interprcted as the rate coefficient for

velocity change of a reactant and that for specific internal encrgr change.

We do the angular parts of these integrals as in Section 2.1(¢).
The integral in LEq. B-9 is parallel to the V direction. We again use
the abbreviation V = Vl - _\7, and eliminate the mean temperature T, in
favor of the related thermal-speed parameter (Eq. 2-32)

2};]‘1 2K l‘2

The result for kx('l‘m,V) has a form identical to that of Eq. 2-35 for
ks(lm’\):

w a
(1 u® 2 [ --vm? sy k
— fo uglg [c i - e dg
i v X
o]
if T >0and V>0,
F 3 g2
k('r,v)=<-9~0fo(ua)f;e" o if V=0, f
X" m /1-‘_' X 1
0 ~
\Vox(V) if T =0 :
(B-11)
! B-3
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The results for the other rate coefficients are

Py (1Y) = ﬁ

Q’.‘; (Tm V) = <

2 , 2 2
- (E-V/L
-Z—U—SJox(us)[(% g3 . Log?1p2) BV
/v 3 U “
2 . 2
L ed o g2y Lg2) v ]de
U 2 2
U
if T. > 0and V
m
161 ¢ s 3.3 -2
————fc(ug)(g-ig)eidg if T > 0and V
synuJ X m
s}
ox(V) do .
'V—+dv(v) if lm-()andV
(B-12)
21 oo (e v.s v 1 (g-V/u)?
= = [o,(Ug) ({7 2g& r35E -3 S
/T v ]
o]
2 . 2]
a .v.,3 Vi,2 1,2 - -
fetage’ -Gt g e aE
T >0 and V>0
m
.‘1 it > P V =
pr(Tm’O) 1f I‘m 0 and 0
2
ox(V) dox 1 dox .
v +2—J‘-I—(V)+§—V dVZ(V) 1fl‘m—Oand V>0

B-4

(B-13)

1}
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(¢} Results for Reactant Species

The time rates of change due to charge exchange of the densities

of mass, momentum, and total cnergy of the first gas are

Aplx
PP LU NI D (B-14)
ap,V,)

1 1°x - > . 1

- nlnz[kx(lm,V)mlv1 + px(lm,V)ker] ) (B-15)

I
A(%'plvlz)x 1 2 3
S o [(5 m? + F g0

L, T)?
+ px(lm,V)kll\ V1 + ._"H Ex(lm,\) . (B-16)

We again split the total energy into macroscopic kinetic energy

and internal energy as in Eq. 2-38. 'The macroscopic kinetic energy is now

found by
1 2 2
A(i-plvl )x 1 Al(p,V13%/0 1
At 2 At
+

VD e 12 %k
- At 1 21 At
= K V) L v s p (1 VKT VeV
= - (kg TV g mpVy + o (T DRT VY,

(B-17)

so the rate of change due to charge exchange of the internal energy density
of the first specics is

2
Ap, 1)) (kT))™
1 1 X ~ §_ . -
—ir T " nlnz[é kllkx(rm’v) +

Qx(Tm,V)] . (B-18)

B-5
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The quantity px(Tm'V) might be considered to be the rate coeffi-

cient for velocity change of a reactant because

S -
A TR e O R SO T P
At pl At 1 At
kT
1 1
= - nsz(lm,\/) —Hl“ A . (3*19)

This rate coefficient px(Tm,V) can be positive or negative. If ox(v)

ii inversely proportional to v (say cx(v) = Ko/v), then px(Tm,V) hani
Ale/At are zero (see definitions B-9 and 2-17 of px(Tm,V) and fz(v));
in this case every particle of the first species has the same probability
per unit time of charge exchange (“ZKQ)' In general, px(Tm,V) is positive
if vcx(v) is an increasing function of v (as is usual for symmetric
charge exchange, such as Figures 4-1 to 4-4) and is negative if vox(v)

is a decreasing function.

Similarly we note that

— R (TN, (8-20)

where we have taken I1 = %-le/ml. Cne could call Qx(Tm,V) a rate
coefficient for specific internal energy change of a reactant. 1f ox(v)
is inversely proportional to v, then lx(Tm,V) and Allx/At are ero

(see definition B-10).
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(d) Results for Product Species .

The relations for product species arc quite similar to those for
reactant species because of our assumptions mentioned carlier that charge
exchange results only in direct forward scattering (0 << 1) and that the
energy defect is negligible (le]| << %-uvz). In this case the rates for the

product that has particle mass my simplify to

XS X ’ (B-21)

At = At ? (B-22)

T2
. A(i P1Vy )§_+ M & ey
At At (m]+m2) m At

(B-23)

The last term of Eq. B-23 represents a part of the energy loss (or gain)
occurring in each veaction (compare Lqs. 2-37 and 2-40); it need be included

only if strict energy conservation is demanded.

We again split the total energy -21--p3v32 into macroscopic kinetic

energy and internal energy as in Eq. 2-38. The macroscopic kinetic energy is

1 2 22
f{i’psvs )5__ 1 Alkpsvsj /D;]x
At ] At
BV w12 Begy
- At 3 23 At
AG.Y) A

p 5 b
= * - 1 l_x_ .l_ < __!§ N -2
=- V3 i 7V Th (B-24)

B-7
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3 For the internal encrgy of this product species the rate of change due to

1

charge exchange is

1 T2 1 2
Alegts), A(E O3V )x A ?(psvs )x

At - At At ’

and after substitution of Eqs. B-23, B-24, 2-38, and B-17 this becomes

N
Alesls)x = - ey )x + (V.-V) - Eﬁgl!lli s 2w 2 v.% Egli
At At 31 At 2 1 37 At

2 . _1x _ (B-25)

+
(m1+m2) m, At

The total power per unit volume transferred by charge exchange
from the total energy of both reacting gases to jonization energy is
(compare Eq. 2-41)

o N P, N N P
A(z Pivi o M e [x M3 PsVs ko B2 PYs ) i,
At Nt At At 1

n2€kx(lm’v)

(B-26)

Onc hydrocode that uses a finite-difference scheme (the MICE
code) uses a special technique when two {luid elements having different
velocities are to be combined: it conserves kinetic energy, as well as

mass, total energy, and the direction of momentum, and sacrifices con-

servation of the magnitude of momentum. Usc of this technique modifies 3
tiqs. B-24, B-25, and B-22.

(e) A Simpler Approximation
We present a simplified treatment that uses only the ordinary

rate coefficient for a charge-exchange reaction instead of three rate

coefficients.

Aarmtm e
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Much simplification results if one assumes that the momentum

and
internal energy densities of reactant species can be approximated by
Ao,V ) A
MoV PPy
ot RS S X (B-27)
and
A(plll)_x_ 3 KTy 80, (528)
At 2 m At )

The neglect of terms plAlelAt and plAIIX/At in these relations is
equivalent to ignoring the rate coefficients px(T

m,V) and Qx(Tm,V),
respectively (Eas. B-19 and B-20). This fact enables one to simplify the

other relations in the preceding twe subsections,

This approximation is also equivalent to assuming that the
particles that charge-exchange have the same mean velocity and specific
internal energy as the rest of their species. The direction or sign of
the ncglected terms can be secen from subsection (¢): for example, if
o v)v is an increasing function of v, then plAle/At is in the
direction of VZ - ?1.

(f)  Comparing the Effect of Charge Exchange with that of Scattering

Finally, ve ask how to compare the e¢ffects of asymmetric charge
exchange with those due to scattering and symmetric charge exchange. First
note that the former causes transfer of mass between ions and neutrals

while the latter two do not. Then for comparing momentum tramster,

consider the following experiment.

A beam of ions of one species is incident with speed V1 on a

cold stationary gas of a secend species. While the first gas traverses

B-9

R T T RV
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a distance Ax = VlAt, charge exchange changes its momentum density at
a distance rate
G

Y un "1“1V1"z°x(v1) H (B-29)

this can be obtained from Lqs, B-15 and B-1llc with Tl = 0, T2 = 0, and
v,

= 0, For comparison scattering off the second gas changes this momentum
density at a rate given by Eq. 2-36, which in this case can be vewritten as
N v
(n 4my)  Afe,V))

nlnzmlsz1 Ax

q(Vl) = (B-30)

This could be considered a definition of the momentum-transfer cross

ion q,

o
«r

T

We have extended this relation to definc an effective momentum-
transfer cross section for charge exchange qT(Vl)‘ Using Lqg. B-29 one
finds that

(ml+m2)
qT(vl) = —_TE;- o,V (B-31)

This definition is consistent with that of the momentum-transfer cross
section for symmetric charge exchange q*(v) (Eq.2-43). The relative
importance of scattering and charge cxchange in transferring momentum is
and g

seen by comparing G with (sce Figures 4-5 to 4-8).

¢ s

iy incl
Note that this comparison applies only to the momentum change of the ions
because definition B-31 is asymmetric between the two specics. 1so the
comparison applies strictly only in this experiment, in which T, = 0,

1
T2= 0, and V2 = 0.
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APPENDIX C
INELASTIC ION-NEUTRAL COLLISIONS ABOVE 10 keV

In collisions of atoms or iomns, inelastic scattering involving ex-
citation and ionization is important at rciative speeds above § x 107 cm/see
(center-of-mass kinetic energy above 10 keV for N ions on N). After a high-
altitude nuclear cxplosion such collisions are usually important only for

the first second.

We use measuvements of the energy loss rate  di/dx
for beams of N and AR ioms in cold N, or air. ‘The mcasurements of
References 94 and 95 are stated in tewms of the stopping cross scction

. 1 T2
i M= v~
. 1" 1 ('> 11 :
S(v,) 3 - 2w -t oo A AT -1
1 n, dx NV, At : ’

. L 3. .
where the neutral density n, is in atoms/cm™, The observed stopping cross

2
section includes a contribution due to elastic scattering ("muclear stopping");
this is calculated to be less than 10 percent of the total for speeds N
greater than 5 X 107 cm/sec (Reference 94).  The remainder is due to in-
elastic scattering ("electronic stopping”) and can be approximated by the
cmpirical relation

’)

Sineltvl) = kovl ’ (¢-2)

where the parameters k0 and P are given in Table C-1.

c-1

s fiiz




Table C-1,

Parameters of the stopping cross section due to inelastic
scattering as given by Sinelv1) = koWi". Sipner is in
erg-cmé/atom and v]1s in cm/sec.

Colliding Coefficient kg Exponent Speed range, .
paiv P cn/sec Reference
N on air 4.9x10"34 1.0 5107 <v <2.6x10° | 94 to 97
0 on air 5.0x10" 34 1.0 5x107 <v<2.6x10° | 94, 95
. ‘ ~35 BN I 8 .
A¢ on air 3.8x10 1.14 1.2x10 \v]\3.7*|0 95,97
He on He 6.1 « 10738 100 | 27108 04010 | 96, 97
Uon N 1.8 x 1077 var [rsxobanaloao®| 98
liow is nne (v ) related to the momentum-transfer cross section
q(v,e)? We first note thnt inclastic collisions involve many different

kinetic energy losses

particles.

l1osses

as discrete: €

We denote the puir of final states by ¢

£ =1

S 22y The

rates of cnergy

transfer depend on two sums of cross sections:

t, depending on the final states of the colliding
and treat the cnergy

and womentunm

Uypet W) 2 30 alv,ey) (€-3)
€2>0
and the quantity S 0€:0¢ (v. L&) The clectronic stopping cross scction
Elncl(vl) can be xclatod to these by Eq. 2-37 with Tl = 0, T2 = 0, and
V and Bqs. 2-33¢ and 2-35c¢:
2
m,om, , m, 24
Q) T v TG ) ey 1Cy)-
1n(l 1 (m1+m?)“ 1 Yinet'™a (m +m T
(C-4)

C-2




To cvatuate g \ncl(\) we make two assumptions. At these high
speeds the kinetie energy tends to dissipate in many collisions with swmall

losses rather than in a fow with big losses, $0 we cin assume that
P d A2y (C-5)
L 2 (m m, ) ‘

whuenever CQUt(V,LQ) is important. We turther assume that scatterving in

these inelastic collisions is in the torward direction,

0 o<, (C-0)

From the definitions of (lnol(v) and 9, (v, LQ) (Bys, C-3, 2-23, and 2-22)

one then finds that

Y .0, (v,g) =—~T£tL— v% (v) - ; -1
7 R R (m1+m2) linel e 2 o
Approximations C-5 and C-6 imply that the correction term (indicated by
dots) is small Decause it involves higher orvders of the small quantivics
;Zr;ﬂ/uv‘2 and 9. 't can be shown independently of approximations C-§ and

C-0 that this corrcction term is negative, as indicuated.

Combining this result with Eqs. C-4and C-2 one finds that

(myamy) S, W)

1nvl( ) = mom 2 *
12 v
(m,+w,) K vl
R SR C-8) DR
b mm, 2 ! ((-8)

E'r (Vi) = Sinol(V) -

> ) l) N A A A
kov , (C-9)

where the neglected terms have the signs iwdicated.

’ Figures 4-2, 4-3 and 4-5 show ¢ nL‘l(v) for N, 0, AL, and
U ions on N calculated using Eg. C-8 und Table C-1.  For ion-molecule
collistions we have added the appropriate ton-atom cross sections (Figures
d-0 to 4-8).
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